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Phase transitions with spontaneous symmetry breaking are expected for group field theories as a basic
feature of the geometogenesis scenario. The following paper aims to investigate the equilibrium phase for
group field theory by using the ergodic hypothesis on which the Gibbs-Boltzmann distributions must break
down. The breaking of the ergodicity can be considered dynamically by introducing a fictitious “time”
inducing a stochastic process described through a Langevin equation, from which the randomness of the
tensor field will be a consequence. This type of equation is considered particularly for complex just-
renormalizable Abelian model of rank d =5, and we study some of their properties by using a
renormalization group considering a “coarse graining” both in time and space.
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I. INTRODUCTION

For more than one decade, group field theories (GFTs)
are considered as a promising way to address the quantum
gravity conundrum. Mathematically, GFTs are fields the-
ories defined on d copies of a group manifold G, called
group structure, and distinguish themselves from standard
quantum field theories (QFTs) by the specific nonlocality
of their interactions [1-5]. In the point of view of
quantization, the particles (quanta) associated to group
fields are interpreted as elementary excitation of the
gravitational field, which, instead of being characterized
by concepts like energy, polarization, and so on, are
characterized by topological and geometrical data. The
quantized spacetime is of dimension d, and the elementary
excitation is interpreted as (d — 1) simplices with labeled
faces. The interactions between these fields dictate the way
the faces are “stuck” to each other according to these labels,
to give effective d simplices. Thus, the nonlocal structure of
the interaction tells us how dual (d — 1) simplices are built
and glued together. The structure group on the other hand
has to reflect the local symmetry group of the dual
spacetime. This interpretation can be motivated by the
relation between GFTs and covariant approaches of loop
quantum gravity (LQG) like spin foams [6]. Indeed, GFTs
have been historically introduced in the context of the LQG
[7-10] as a clever way to resume spin foam quantum
amplitudes. Hence, on one hand, GFTs can be approached
from the quantification of the classical general relativity
(GR), which naturally leads to quantum states encoding
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discrete geometry as triangulation. It must be noticed that
alternatively, GFT can be viewed as a second quantized
version of LQG [11,12]. Finally, the choice of the group
structure is imposed by this connection with LQG, as the
local group of spacetime symmetries (SO(3,1) with the
Lorentz signature, SO(4) for Euclidean quantum gravity,
but other groups can be considered as toy models like
SU(2) for Euclidean 3D gravity, U(1) or R).

On the other hand, GFT can be approached directly
through the prism of discrete random geometry, the
continuum limit for quantum spacetime being recovered
as a phase transition in the model. For 2D, the most
popular approach in this direction is random matrix
models (RMM). In RMM, Feynman amplitudes provide
weights for discrete triangulation, the way the elementary
“triangles” are glued together being imposed by the
interactions between matrix fields. The main feature of
RMM is the existence of a topological 1/N expansion,
controlled by the genus g(A) of the dual triangulation A,
and thus dominated by planar diagrams with g = 0.
Critical properties and continuum limits of RMM are
essentially consequences of this basic property [13—15].
Random tensors models (RTM) [16—18] are an attempt to
extend the success of RMM to dimension higher than 2.
The decisive step in this direction was the discovery by
Gurau in 2009 of the existence of a power counting for
colored random tensors, which admits an 1/N expansion
analogous to RMM, controlled by a generalization (but
unfortunately not topological) of the genus and called
Gurau degree . It has been shown that the existence of
such a power count is related to an internal structure
group, typically U(N) (or O(N), see [19-22]), leaving
the interactions invariant [18,23]. The leading-order
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diagrams, having vanishing Gurau degree, are called
melons, and critical properties of melonic sector, as well
as double scaling limits, have been investigated for RTMs
[24-26]. With this respect, GFTs can be viewed as
generalized RTM, with group-valued rather than discrete
indices. This leads to a restrictive class of RTM, called
tensorial group field theories (TGFTs), which are GFT
whose interactions have the same nonlocal structure as
RTMs, said tensorial interactions. Note that some addi-
tional symmetries like closure (Gauss) constraint or
Plebanski constraint have to be considered in the first
point of view [27-30]. The closure constraint, for in-
stance, is a specific kind of gauge symmetry, which
requires that physical fields solutions are invariant under
the global right translation of the group elements [31,32].
Imposing it at the quantum level, a Feynman amplitude
looks like a partition function for a gauge theory on a
random lattice fixed by the cellular complex defined by
the Feynman graph, with flat discrete connections.

The main challenging issue for GFTs remains how
a smooth spacetime structure corresponding to classical
GR can be recovered by summing a very large number
of quantum states having a very large number of
quanta [33-36], and to this aim, the renormalization group
(RG) is generally considered as the powerful tool to address
this issue. RG is a general concept in physics to tackle the
large-scale description of systems involving a very large
number of (microscopic) interacting degrees of freedom
[37,38]. There are many incarnations of this idea in physics,
and all of them aim to extract the large-scale regularities of
a system, replacing its full description with an approximate
but effective theory, keeping only relevant features of the
original quantum (or statistical) microscopic states. In the
Wilsonian point of view, RG is constructed from a partial
integration procedure, integrating out “rapid” modes to
construct an effective physics for “slow” modes, keeping
fixed the large distance physics. Two different strategies
have been considered for constructing RG flow for GFTs.
The first one is based on lattice renormalization, viewing
spin foams as a direct space regularization of quantum
gravity amplitudes [39]. The other approach is based on
local field theories and renormalization techniques. Indeed,
the existence of a power counting for TGFTs provides a
novel notion of a locality called traciality, reflecting the
way the divergences can be factorized out of some tensorial
interaction. Renormalization “a la Wilson” requires iden-
tifying “slow” (infrared) and “rapid” (ultraviolet) modes.
For TGFTs defined as enriched RTM with group valued
indices, no such distinction exist between UV and IR
modes. Indeed, usual GFT models or RTMs suggest that
theories have to be ultralocal, with propagator equals to the
identity matrix or suitable projectors, ensuring the global
U(N) [or O(N)] invariance of RTMs. The triviality of the
propagator is surely appropriate for simplicial quantum
gravity perspectives but does not allow for the definition of

a proper notion of scale. However, this poses a difficulty,
because, without such a suitable notion of scale, no
distinction exists between fluctuating degrees of freedom.
There are no “infrared” (IR) or “ultraviolet” (UV) degrees
of freedom, and any partial integration procedure “a la
Wilson” imposes to arbitrarily fix what are IR and UV.
This point of view has been considered in a series of papers
both using perturbative and nonperturbative RG technics
[40-42,42-45], but to date, there is no consensus about the
reliability of the resulting RG flow; see [46,47].

A solution considered in the literature consists in
modifying the propagator by adding a “Laplacian” type
term (defined on the considered structure group) to the
Gaussian kernel, whose nontrivial spectrum then provides a
nonambiguous notion of scale [48]. This Laplace type
propagators may be viewed as a regulation that affects only
UV degrees of freedom but disappears in the IR, leading to
an effective, dynamically generated ultralocal theory for the
RG flow. Moreover, the presence of such a Laplacian can
be motivated by the computation of radiative corrections to
GFTs, which require such a Laplacian as a counterterm
to be well-defined as the cutoff in large momenta is
removed [49]. There is vast literature and active research
on this topic, exploring both the perturbative and non-
perturbative aspects of the TGFTs [48,50-61]. These
investigations generally seek to reveal fixed point solutions
and phase transitions. Such solutions have been found for
some models, although very dependent on the approxima-
tion scheme used to solve the flow equations in the
nonperturbative regime. At first, it seemed that the exist-
ence of such fixed point solutions and second-order phase
transitions was a quasiuniversal feature for TGFTs [55,56].
However, our recent works based on methods outperform-
ing standard vertex expansion showed that it is not the
case [62—-65]. These methods consider both Ward identities
and an effective vertex expansion (EVE) technique, which
takes into account the full momenta dependence of the
effective vertex and formally resumes branched sectors as
the melonic one [46,62-67]. The existence of second-order
phase transitions in the phase space of TGFTs is
expected to be a basic requirement for geometrogenesis-
type scenarios, where the semiclassical spacetime is
assumed to emerge as an “intertheoretical process” from
a Bose-Einstein condensation. It is worth mentioning that
the hypothesis of the existence of such condensates has
allowed the rapid development of a whole literature
exploring models of quantum cosmology [27,68-80].

In this paper, we address the problem of quantization of
GFTs through a first-order stochastic Langevin-type equa-
tion, such that equilibrium configurations match with
standard path integral quantization for pure gravity models.
The introduction of this equation can be considered a
purely mathematical exercise, but it can also have real
physical meaning. It can be seen as a way to dynamically
(i.e., out of equilibrium) address the phase transitions
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revealed by the RG for equilibrium theory. Indeed, in
general, although the phase transitions are discussed in
equilibrium, assuming the existence of an observer outside
the system and adjusting adiabatically the parameters of the
theory, a realistic description of the transition requires a
nonequilibrium approach to this phenomenon. However,
such a nonequilibrium treatment is generally a difficult task
[34,81]. In the quantum gravity context, an additional
question that one is entitled to ask concerns the choice
of the variable identified as a “time.” This question is
closely related to the issue of time in classical and quantum
gravity. Indeed, already at the classical level, general
relativity does not allow in general to isolate a physical
variable as a preferred time in the infinity of possible
choices of “coordinated time,” and experimentally, this is
always the evolution of a physical variable, for a given
problem, which defines a particular notion of the clock.
Notice that this point of view is in agreement with the
standard relational interpretation, where space and time are
understood as relative special configurations of some fields,
used as a “clock” and “rulers” [34]. An intriguing relation
between the choice of a physical time and the definition of
equilibrium states has been proposed in the series of works
[8,82-86]. For instance, it is shown that the statistical
properties of the cosmic radiation background reveal a
preferred time, which happens to be the “cosmic time”
considered in the literature. A discussion for quantum
theories is given in [87], where authors consider the one-
parameter group of automorphism underlying by von
Neumann algebra of quantum systems through Tomita-
Takesaki theorem, as a single-out time flow. Thermal
equilibrium states have been already considered for
GFTs, especially in the context of cosmology; see [88]
and references therein for an extended discussion about
relational functional dynamics. However, except for these
special configurations, no preferred time is expected at the
fundamental level for a background-independent quantum
theory of gravitation. Indeed, the structured spacetime
manifold is assumed to be entirely dissolved at the phase
transition points where collective states of gravity quantum
modes are not suitably described by Bose-Einstein con-
densates, and the concept of “direction” disappears as the
concept of a smooth manifold. Phase transition in the GFTs
is for this reason generally understood as a change of the
theoretical paradigm—i.e., as the identification of some
regions of the phase space where the collective behavior of
quantum gravity atoms can be approached with an effec-
tive, semiclassical theory, as a quantum gravity condensate
for current cosmological solutions discussed previously. A
way to recover a notion of temporality even approximates is
through the notion of relational (space)time, which is
already found in classical GR. The contiguity relations
between fields allow us to define spacetime properties, and,
in particular, the coupling with gravitation defines the
metric field. In that point of view, matter fields can be used

to construct material frames locally, one of them playing
the role of physical time. Let us recall how that works in the
classical setting. Consider a theory involving N fields
¢i(xy,X), for i =1,...,N, and (xy,X) are arbitrary coor-
dinates for spacetime evens. In concrete experiments,
clocks and other reference frames are defined as specific
configurations of four of these fields, which are assumed to
behave as classically as to define such a reference frame,
and we denote them as ¢y, ..., ¢3. To be a good reference
frame, we assume that locally spacetime coordinates x* can
be expressed uniquely in terms of the four numbers ¢,. In
particular, x° = F(¢o. ¢1. >, ¢3), and, we can express the
equations of motions for the remaining fields in terms of the

-

physical coordinates (¢, ¢) [8,87]. This relational view-
point can be expected to survive when the gravitational
field is described in a quantum manner, at least in a certain
regime. An auxiliary (discretized) matter field could play
the role of a clock, as long as one can neglect the quantum
character of this field. One can expect that such a regime
would allow describing the (relational) dynamics of space-
time toward or from the emergence of classical spacetime,
but the transition point (geometrogenesis), where the
quantum nature of all fields cannot be neglected, breaks
the dynamical description. For more details on the concept
of emergence of time in quantum gravity, the reader may
consult for instance [34,35]. Recent application of rela-
tional time for TGFTs in the context of quantum cosmology
can be found in [36,77,89-91].

In the mathematical formalism presented in this paper,
the GFT is quantized by a stochastic equation. This
dynamics can be rewritten as a functional integral by
the method detailed in the Sec. II B, where time appears
formally as a scalar variable, and the corresponding field
theory is identified with a GFTs on the structure group
G*¢ x R, considered, for instance, in [89,91] as describ-
ing a scalar field coupled to gravity. In this paper, intended
to be the first of a series, we provide the foundations of the
formalism. We consider an Abelian TGFT without closure
constraint, whose structure group will be U(1) and whose
equilibrium states will correspond to a GFT without
matter degree of freedom, just renormalizable in rank
d =5. This choice may seem a bit artificial since the
GFTs selected as physically realistic candidates for
quantum gravity are based on non-Abelian groups and
incorporate a certain number of constraints such as the
closure constraint or Plebanski’s constraint [29].
However, our goal in this paper is essential to show
how the RG methods we have developed can be adapted to
a new situation, such as a stochastic GFT, and to under-
stand what this new approach can bring compared to the
traditional point of view for a model where these tech-
niques can be more easily handled. Thus, this paper
should be seen as the first of a series of explorations,
and we will focus essentially on aspects related to the
combinatorics of interactions in the construction of
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the RG." Our approach in this paper is essentially based on
the nonperturbative RG (NPRG) formalism [92-96] and
construct approximate solutions of the exact Wetterich
equation using both effective vertex expansion (EVE)
recently introduced in the GFTs context [62-65,67,97,98]
and Ward’s identities to determine the derivative of the
effective vertices with respect to the external momentum,
involved in the computation of the anomalous dimension.
The resulting equations are then analyzed numerically.
The most relevant feature of this formalism is the
existence of an intrinsic scaling provided by time evolu-
tion, which allows for coarse-grain random degrees of
freedom in the frequency space. Besides, we focus on
TGFTs, and we expect the same formalism should be used
to investigate analogue regimes for theories with
trivial propagators (i.e., without intrinsic scaling), as
RMMs and RTMs, which will be the topic of forthcoming
work.

In the Sec. II, we define the model and provide the path
integral approach, allowing us to well define the functional
renormalization group applicable with the so-called
Wetterich equation. In Sec. III, we introduce the FRG
formalism and the time reflection symmetry and causality
that allows for coarse grain by modifying the original
Langevin equation. This also helps to add in the Langevin
equation a driving force that depends nonlocally on the
standard time on the classical trajectory and preserves
causality. We also provide the scaling dimension of the
model. In Sec. IV, we use standard local potential approxi-
mation to construct solutions of the exact RG equation. We
consider two approximations: The first is the crude trun-
cation, and the second comes from the effective vertex
expansion in the leading-order melonic approximation.
In Sec. V, we study the symmetry of our model given
by the Ward identities and provide the rigorous analysis
of compatibility with the flow equation and the optimal
choices of the regulators. Section VI 1is deserving
of the numerical analysis. We conclude our work in
Sec. VIL

II. STOCHASTIC GROUP FIELD THEORIES

In this section, we define the models and conventions
used in the rest of the paper. We also derive a path
integral representation and a few formal properties, which
we will exploit in the next section devoted to the renorm-
alization group. The reader may consult [37,38,81] for
more details about formal computations of the Langevin
equation.

1However, let us also note that an Abelian GFT with trivial
propagator and A cutoff in moment is nothing more than a rank 5
random tensor model in disguise. In this respect, we can
abusively speak about “pure gravity model” for equilibrium
states, in reference to the fact that no degree of freedom for
matter field are included.

A. The model

A group field ¢ is a field defined on d copies of a group
manifold G:

@ (91, 92) € (G = (g1, ....94) EK.  (2.1)
Usually, K = C,R. In this paper, we focus on complex
group fields, K = C. To shorten the notations, we will
denote by g == (g;, ..., g,) the elements of (G)*¢ and by
¢(g) the value taken by the field at the point g. We
generally assume ¢ to be a square-integrable function, and
the standard L?((G)*?) inner product

wwwiﬂmmww> (22)

is assumed to be bounded: ||¢|| == (¢, ®) < co. In these
notations, ¢ designates the standard complex conjugation
of ¢, and

dg ==dg\dg,---dgy,, (2.3)
where dg, is the Haar measure over G. We will suppose that
this field is moreover a dynamic variable, depending on a
parameter ¢ € R called the “time.” The evolution of the

field is postulate to satisfy the dissipative Langevin
equation, which is given by the following:

ilg.1) = 0 (2.4)

0 _
mH[% @] +n(g. 1),

where 7(g, t) is a random group field, playing the role of
white noise, Q > 0 is a timescale, the notation “dot” means
d/dt, and H, the Hamiltonian, defines the deterministic
parts of the equation.

Remark 1. Before continuing with the definition of the
model, let us make a small general remark about our point
of view in this paper. The so-called time here is not standard
as it is in the literature for GFTs, where relational time is
usually implemented via clock fields implying second
derivatives with respect to this time [91]. In this respect,
time evolution could be viewed as “nonrelativistic” at this
stage. However, we expect that such a point of view is
meaningless here. Indeed, general covariance is not sched-
uled in our construction and would probably require
additional degrees of freedom to be discussed, as is the
case in more complete and physical GFT models. One
could imagine that the Langevin equation derives from a
kind of “slow rolling” approximation, a bit like for
stochastic inflation, for an equation preserving a sort of
general covariance. However, such an approximation might
be a bit too hasty in the absence of more serious inves-
tigations, and we believe that talking about covariance or a
“nonrelativistic” regime does not (yet) make sense in the
present framework. We will thus simply say that our model
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is a simple model allowing us to study the fluctuations
around some equilibrium state with respect to which a
preferred time is defined [see equation (2.4)].

Without additional constraint on the random field ¢, we
assume that the probability measure for 7(g, ?) is

dp(n) ==ie>(p (—é / drdgi(g, t)n(g. t)>d[f1], (2.5)

<0
where d[n] := [[,, dn(g. t)di(g, ) is the formal functional

measure defining path integral, and the normalization z,
being such that
(n(g.0i(g'. 1)), = Q5(g'(g)")a(t—1).  (2.6)

the notation (X), meaning average over  with probability
density dp(n)/d[n], and

5(g'(@)™") =[] o(gg7").

=1

(2.7)

where 6(g,g;') denotes the standard Dirac delta over G,

/ dgd(g (9)™)f (9) = £ (). (2.8)

for some function f. The Hamiltonian H will be designed
such that equilibrium configurations (see Sec. II B) repro-
duce the generalized Gibbs states used in standard defi-
nitions of GFTs. With the previous definition, longtime
equilibrium states (i.e., the probability density for a field
configuration) must behave like P[g, @] ~ e "#%] accord-
ing to the usual definition provided that H is nothing but
|

w(gl;“',gd) é g17\/,gd
g2 ,

gz ~-_--~

the microscopic action for group field. Because we focus on
the TGFT formalism, we expect H is the sum of two
contributions:
(1) A kinetic part H;,, involving a nontrivial kernel
depending on the Laplace-Beltrami operator A, over
the manifold (G)*¢:

Hyanlop. 7] = / dep(g) (~Bg + m)p(e).  (29)

for some coupling constant m’ defining a mass
scale.

(2) An interaction H;,, which expands in power of
fields. The terms involved in that expansion, as the
interaction Hamiltonian itself, are furthermore as-
sumed to be invariants under unitary transformations
U: L*(G) — L?*(G) defined as:

d
o)~ o'8) = [ o | [TUAora)|ole),
=1
(2.10)

This defines a particular nonlocality for interactions,
called “tensoriality,” and terms involved in the
expansion of H are tensorial invariants.
These invariants admit an elegant representation in terms of
d-colored bipartite regular graphs. The receipt is the
following:
(1) To each field ¢ and ¢, we assign a black and
white dot, respectively, with d half-colored edges
hooked to them, materializing the d group variables

gis .-, 94:

@(glv”'vgd) é 917\/,9(1
92 ’ :

gz ~---7

(2) Colored edges are then hooked together accordingly, with their respective colors, between black and white dots only.
In Fig. 1, we show some examples for d = 3. To provide an explicit example, the first diagram reads explicitly as

3
= /H dgidgip(91, 92, 93) (915 925 93)9 (91, 92, 95) (4 - 92 93)
=1

(2.11)

assuming that the red edge corresponds to color 1. As illustrated by the last example in Fig. 1, graphs can be connected or
not, and in this case, they are the product of connected graphs. We call a bubble such a connected graph, made of a single

piece. We moreover assume that H;, expands as
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FIG. 1. Example of tensorial invariants for d = 3.

Holp 9] = [ Y uTnlo0).9(0).  (212)

the sum running over bubbles b involving more than two
fields, and Tr,[@, p| denotes the corresponding tensorial
invariant. Longtime equilibrium states (i.e., the probability
density that a group field ¢ has a given value in the
“volume™ Dlg)] := [I; do(g)dp(g), if it exists, must
behave like (see Sec. II B):

ple. @) = 7 {11;,}] e 2o al,

(2.13)

and the partition function Z[{4, }] that normalizes the state
is given by the formal path integral over field configura-
tions:

2 = [ Digle a1y

Hence, the time variable is related to the definition of
equilibrium states given by (2.13), accordingly with the
point of view of [82,83], and we are aiming to study small
perturbations with respect to it, described by the Langevin
equation (2.4). The perturbative expansion of the partition
function organizes as a sum over quantum amplitudes that
we denote as A(G), labeled with vacuum Feynman graphs
G. An example of such a Feynman graph is provided by
Fig. 2, the dotted edges materializing Wick contractions
with free propagator C(g,g’),

1 [+ d

Clgg) = [ dae e [[ Kldhla ™). @15)
/A 7=

for some UV cutoff A, and K,(¢(9)~") denotes the heat

kernel, solution of the equation:

0

_Ka(g) = AgKa(g)’

g (2.16)

with boundary conditions K,_o(q'(g)™") = (¢ (g9)7").
Feynman graphs like the one pictured in Fig. 2 look like
bipartite regular (d + 1)-colored graphs, attributing the

2We use the notation “d” for the functional measure of time-
dependent states, and the notation “D” for equilibrium, time-
independent configurations.

FIG. 2. A typical Feynman graph for d = 3, with three vertices
and nine propagator edges.

color “0” to the dotted edges. A very important notion for
such a graph is the faces, and we recall the definition here:

Definition 1. A face f is a bicolored cycle (including
color 0), indexed by a couple (¢,¢"),¢ # ¢'. Such a cycle
may be open (open face) or closed (closed face). The
boundary of a face, df is the set of colored edges along
the cycle.

In the rest of this article, we will focus on the compact
Abelian group G =U(1), and we normalize the Haar

measure as
/ dg = 1.

The group is isomorphic to the unit circle, and each element
of the group can be represented by g € U(1) = ¢ € S,
where 6 € [0, 2z]. Irreducible representations of the group
are therefore e'?? for p € Z, and the standard Peter-Weyl
theorem allows decomposing functions over the group
manifold U(1) along this basis. For the heat kernel, for
instance, we have

(2.17)

Ko(9)lymer = Y e ei??, (2.18)

PEZ

and the propagator in the Fourier representation reads,

1 51211’
Clp.p') = Epz +m?’

(2.19)
where p € 79, p*:=37¢_ pj. and &y =[]0, 6,,,-
This theory has the property to be power countable, and
we have the following statement [31,32,99,100]:
Proposition 1. Let A(G) the regularized Feynman
amplitude associated with a Feynman diagram G, with
L(G) dotted edges and F(G) closed faces of type (07),
Z € [1,d]. Its dependence on the UV cutoff A is given by

|A(G)| ~ A®(9), (2.20)
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where:

o(G) = =2L(G) + F(G). (2.21)
Leading-order graphs are those for which w is optimal. The
diagrams that make this counting optimal are called melons
and can be defined by a simple recursion; see [32,97] and
Sec. IV B. Melonic graphs are those for which the number
of faces is maximal as L(G) fixed. We can show that for
these diagrams the number V(G) of vertices is related to the
numbers F(G) and L(G) by [32,97]:
F(G)=(d-1)(L(G)-V(G)+1). (2.22)
Hence, defining p:=(d—1)(L(G)-V(G)+1)—F, it
can be established that the power counting can be read as:

o(G) =Y ((d=3)k—(d=1)(G) + (d—1)
k
_NG)

5 (d-3) - p(G). (2.23)
In that equation, v;(G) denotes the number of bubbles with
valence 2k (with k white nodes), and N (G) is the number of

external edges.

Definition 2. For melonic diagrams p(G) =0, and it
can be proved that p(G) > 0 otherwise.

The theory will be power counting just renormalizable if
and only if (d —3)k — (d — 1) = 0. In particular, the sixtic
model is just renormalizable for d = 4. In this paper, we
will focus on the melonic quartic model, which is just
renormalizable for d = 5, where power counting reads as:

|wmelon =4- N(G)| (224)

In particular, only two- and four-point diagrams are power
counting divergent and required to be renormalized. The
melonic diagrams have the property to be contractible. This
property invites the definition of a locality principle, and
tensorial invariants that are connected and contractible are
said to be local in that point of view. We will speak of
traciality to designate this specific notion of locality. This
principle of locality allows us to define counterterms, and
we can show the following theorem [99,100]:

Theorem 1. The quartic melonic model in d = 5 is just
renormalizable, and divergences can be removed with
counterterms for mass, quartic couplings, and field strength
normalization.

Explicitly, the renormalizable Hamiltonian reads as

(2.25)

where we attributed the same coupling constant for all the
quartic interactions.

Traciality allows us to think of locality in that context, as
related to tensorial invariance, and we adopt the following
definition in this paper:

Definition 3. Any tensorial invariant whose graph is a
bubble is said to be local. In the same way, any function that
expands as a sum of terms labeled with bubbles only will
say to be local.

B. Dynamic action and path integral

We denote as ¢(7) :== {¢(g,1),p(g, 1)} a given position
for the random complex field in the functional space. Due
to the randomness of the white noise (g, t), trajectories can

be suitably described through a probability distribution:
P(g.1:q'.1) = (3(q(t) —q)), (2.26)
for ¢ > ¢, assuming the initial condition ¢(¢#') = ¢’. In the
rest of the paper, we will use the shortest notation P(q, 1)

for P(q,t;q'.t), disregarding the initial state. The
Langevin equation (2.4) being local in time, Eq. (2.26)
defines a Markov process whose evolution follows a
Fokker-Planck equation [37]:

0 .
—P(q.t) =2QHP(q.1),

= (2.27)

with:

o 52 8*H oH 1)
= / 9 (5¢<g>a¢<g) T o) T 2onlg) 60

oH o6
25(7’(«?)&”(8)) (2.28)

This equation admits a longtime equilibrium solution; if it
exists, this solution is given by:

p(q) = lim P(q,1;q4'.1), (2.29)

1=+

086009-7



VINCENT LAHOCHE and DINE OUSMANE SAMARY

PHYS. REV. D 107, 086009 (2023)

which corresponds to stationary solutions of the Fokker-
Planck equation, and it is easy to check that p(q) ~ e=?",
accordingly with Eq. (2.13). This equilibrium solution
exists provided that it is normalizable, i.e., that the integral
(2.14) exists. The transition probability P(q, t;q’, ') can be
represented as a path integral. We introduce it here with
some details—see [37,81] for a complement. The basic
ingredient is the following formal relation”:

1= / dq5(¢ + 5, H' —n)d(p + 5,1’ — if)(det M),
(2.30)
where H' := QH, M is the operator matrix with entries

527{/
5p(g.1)op(g'. 1)
(2.31)

Mg :g.1) = olg/(g)™) ot~ 1) +

We can then use this representation of the identity to
determine the classical action associated with the Markov
process by rewriting the generating function:

Z[J,J] = <eXp ( / drdgJ (g, 1)p(g. 1)

+/dtdg7(g, Nelg, t)) >n.

Note that, because of the normalization for the averaging
over n, we must have Z[J =0,J = 0] =1, fixing the
normalization; moreover, ¢(¢) is assumed to be a solution
of the motion equation for some initial conditions. It can be
suitable to take the initial condition for ¢/ = —oo to ensure
that the distribution is in equilibrium (if it exists). We
introduce the shortest notation J(t) = {J(g.1),J(g.1)},
and we define the dot product:

(2.32)

J-q:= / drdgp(g.1)J (g, 1) + / drdgJ(g.1)p(g.1).
(2.33)

Introducing the identity (2.30) in the previous equation, it
becomes:

Z[J.J] = / dgdp(n)e’15(¢p + 5, H' —n)s(e + 6, H' — )

(det M)2. (2.34)

*Note that the Langevin equation that we consider is a first-
order differential equation, admitting a single causal solution; see
[37]. This uniqueness can be challenged for some nonequilibrium
configurations, whose classical action admits a large number of
minima.

The delta functions can be easily integrated out, and to
compute the determinant, we can use the well-known
formula det M = exp(TrIn(M)). One can easily check
that:

o*H’ 535
det M ~ exp (9(0) / dtdg 5@ 90E. t)) (2.35)
In this equation, the choice of this function as the inverse of
0/t is required by causality (which is expected from the
Langevin equation). However, a problem arises because
0(0) is undefined. There are two allowed solutions, depend-
ing on if we use Ito or Stratonovich prescription for
computing the time discretized version of path integrals
[37,101,102]:
(1) In the fto sense, we evaluate the integrand at the left
end point.
(2) In the Stratonovich sense, we evaluate the integrand
at the “middle” point.
Each of these choices corresponds to a different convention
for 6(0). Thus, #(0) =0 for ito and 0(0) =1/2 for
Stratonovich. In this paper, we will work within Ito
convention, and we set (det/\/l)2 = 1 in the calculations,
leading to

Z[1,7) = / dge~h [ @@ G810 a () 36

As a final step, we introduce a complex intermediate group
field, y, called response field, such that Z[J,J] can be
rewritten as, using basic properties of Gaussian integration,

ZlJ,J, 1.5 = / dqdye~Slaxl+latrx - (2.37)

where we introduced a source j = (7, ) for the response
field, and where the complex classical action S[q,x] is
given by

Q2S[q.x] = / drdg|Qy(g.1)x(g. 1)

+ i7(g, 1) (¢ + Q5;H)(g, 1)

+i(p +Q5,M)(g. )x (g, 1))- (2.38)

It will be useful in the following to work in the Fourier
representation. We will note T,(w) [resp. T,(w)] the
Fourier components of ¢(g,f) [resp. @(g,t)], where
p € Z%, such that:

+o dw . .
o) = [T n @ [[er (239)
- =1

pez?

where ¢ = ge. In that way, the Hamiltonian reads,
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) (p* + m*)Ty(w)

X WP1~P2P3-I74TP| (601 )sz (w

Z)Tp3 (a)S)Tm (604),

(2.40)

where we introduced the symbols W,(,T,)pz p.p, defined as

(¢) -
WP1P2~P31’4 '_ 5P1fp4f5172fp3t’H5P1j172j6p3/p4j' (241)
J#i
Hence, S[q,x] splits as
S=:Skin + Sines (2.42)
where
+00
Sin= Y [ o)) + 7,(0)
pEZ’
X (=ie+p*+m*)T, (&)
+iT,(@)(id>+p* +m2))(p(&))> : (2.43)
and
X
d
A
1nt - E Z é
(=1
®
2 44)

where, in the previous equation, we introduced the graphi-
cal rule according to which response fields y and y will be
materialized by black and white square nodes, respectively,
and where we introduced the dimensionless frequency
w = Qa.

The free propagator C takes the form of a 2 x 2 matrix,
with components C,;, Cry, C,7, and Crz. It is easy to
check that the response field does not propagate; i.e.,

Cpp(@,p?) = 0. (2.45)

Other components are given by

A b —i(p? +m?)
C)?T((UP ) :ﬁﬁ)z_’_(pz_’_mz)r
1 &+i(p*+m?)
CT;(( Pz) = —@m, (2.46)
and
. 1 1
CTT(w’p ) = (247)

Q0% + (p? + m2)*

The result (2.45) valid at order zero in the perturbative
expansion survives to all orders, and is in fact an exact,
nonperturbative relation [103], meaning that component yj
of the exact propagator G (or equivalently the component
TT of the mass matrix I'®) vanishes:
Gﬂ(&),pz) =0\ (2.48)
The origin of this relation can be traced as follows. Let us
consider Z[J,J, j,J], the generating functional (2.37). Let
us add a linear driving force § [ dt Y, k,(1)T,(1) +c.c to
the Hamiltonian H. This is equivalent to translating sources
J and j as
Jp = Jp— ikp, Jp = Jp+ i/_cp. (2.49)
Hence, from the normalization conditions of the partition
function, we must have Z[0, 0, —ik, ik] = 1, and therefore,

5% - 51
G, =—-——2[0,0,—ik, ik] = - _
Sk, 0k, Sk, Sk,

=0. (2.50)

In the rest of this paper, we fix the original timescale such
that Q = 1, keeping the dependency over Q explicit only
for technical points.Such a choice simplifies all the
expressions before.

III. FUNCTIONAL RENORMALIZATION GROUP

In this section, we introduce the formalism of the
nonperturbative renormalization group as originally for-
mulated by Wetterich and Morris [92-94,96]. This formal-
ism is particularly well suited to deal with discrete models
of quantum gravity, such as GFTs or random tensors. We
will introduce this formalism for the dynamic GFT model
introduced above. In this study, we limit ourselves to the
equilibrium dynamics.

A. Regularization and flow equation

The RG as conceived by Wilson and Kadanoff aims to
interpolate between a microscopic model and a macro-
scopic, effective description. The effective description is
constructed by integrating out quantum or thermodynamic
fluctuation scale by scale, integrating out firstly the modes
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having a small wavelength and ending with the ones having
a large wavelength. This paradigm generally focuses on
equilibrium physics. For nonequilibrium systems, temporal
fluctuations can no longer be ignored. There are then two
possible attitudes:

(i) Consider a coarse graining only on the group
variables (i.e., on the spectrum of the Laplacian A,).

(i) Or include the time to the notion of scale and
integrate partially on both the spectrum of the
operators —id/dt and A,.

We can still imagine partially integrating only on the w
frequencies by integrating on the whole spectrum of A, but
we will not consider this possibility in the following. The
possibility of a coarse graining in frequency has been
considered in [104] through the Wetterich framework,
about nonequilibrium systems, and in [105] about a
disordered Langevin type equation. Other approaches
considering a frequency coarse graining have been con-
sidered, notably for quantum mechanical problems
[106,107], inflation theory [108], Brownian motion
[109,110], dissipative (open) quantum system [111-113],
and references therein. The reader can also consult the
recent review [96]. In this paper, we follow the same
strategy, and we focus on a coarse graining both in
frequency @ and momenta p that interpolates between
two regimes:

(1) The UV regime, where fluctuations are frozen and
fields configurations are determined by stationary
points of the classical action S.

(2) The IR regime, where fluctuations are all integrated
out, and field configurations are described through
the effective action I', the Legendre transform of the
Gibbs free energy.

The standard procedure is to add a regulator to the classical
action S, which has generally the form:

+oo _
850 = 33 [ doB, 0. 0)Raslp. 03 .00,

peZd a,b
(3.1)

where E(p, ) = (v, (@), T,(w)). The regulator R, ;. (p, )
is assumed to be a differentiable function of k, p, and w. It
behaves as a scale-dependent mass and is designed such that
high energy modes concerning the scale k (i.e., such that
®/k*,p?/ k> < 1) receive a small mass, whereas low energy
modes are essentially frozen, decoupling them from long
range physics. In such a way, we are expecting to construct a
smooth interpolation I', between microscopic physics
described by classical action QS for k = A and macro-
scopic physics described by effective action I'—the
Legendre transform of the Gibbs free energy—for k£ = 0.
We introduce the mathematical definition of the effective
average action [':

LM, o] + ASi[M.6] =M -J +6-5=W].J, (32
where M := (M, M) and ¢ := (5,06) denote the classical
fields; i.e.,

SW, sW,
M = ——, = 33
57 TS (3:3)

The microscopic scale A is assumed to be large enough, and
we will take the continuum limit A — oo in the computation
of the f function. For the equilibrium distributions, this limit
makes sense because the model that we consider is just
renormalizable and asymptotically free [100,114]. In the
deep IR regime, for k ~ 0, one expects that regulator R, ,
almost vanishes, ensuring that symmetries, in particular,
should be ultimately restored, at least formally, for the exact
RG equation [95]:

9 OR
2 =Tr =AY £ R

ok ok (34)

where capital bold letters designate 2 x 2 matrix-valued
functions, and the trace runs over all the fields indices. Note
that the expression assumes implicitly that Q = 1, and we
define the effective propagator G, as

Gy =T + Ry (3.5)
The situation is, however, not so easy, because Eq. (3.4)
cannot be solved exactly, even for very simple models,
and approximations currently considered solving it intro-
duce a spurious dependency on the regulator for IR
quantities [115,116]. In this paper, we will consider the
minimal sensitivity prescription (MSP) as a reliability
criterion to quantify the dependency on the regulator;
see [104,117,118]. Methods usually considered for solving
flow equations are called truncation and project them along
a finite-dimensional subspace. The choice of this finite-
dimensional subspace depends on physical constraints
and symmetries expected to be unbroken along the flow,
up to IR scales. This can be achieved by demanding that the
regulator preserve the original symmetries of the classical
action, i.e., that Ward-Takahashi (WT) identities remain
unchanged along the flow [119]. This condition, however, is
usually too restrictive, and in many situations, symmetries
are only restored in the deep IR, making the dependency on
the regulator difficult to avoid. This is especially the case for
gauge theories [120], another unconventional example
being provided by RMMs and RTMs [46,47]. In that paper,
we only consider regulator compatibles with time-reversal
symmetry preserved along the flow, but not only asymp-
totically. Time-reversal symmetry is expected because we
assume to consider only equilibrium dynamics, starting with
a generalized Gibbs state p(q) and relaxing toward equi-
librium [37].
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B. Time reflection symmetry and causality
A way to construct coarse graining is to modify the

original Langevin equation (2.4), adding to it a nonlocal
driving force (see [104] for more detail):

oH

T,(t) = —Qm

— [t 1g()]) +1p(2),  (3.6)

where the driving force f is nonlocal in time and takes the
form,

£,(t.1q(0) = / dRO (.1 - )T (1), (37)

where R,(Cl) is assumed to be a real kernel. The effect of this

force is to “freeze” IR contributions. In addition, we modify
the noise correlation function, adding to it a nonlocal
contribution introducing a short memory in the system:

(n(g. (g’ 1)) = (e (g)~") {6@ 1)+ LR -r).
(3.8)

Following the same steps as for the deduction of the
generating functional (2.37), we find

ZJ. 7, 7.7) = /dque—QZS[q,x]—ASk[q,x]+J~q+m, (3.9)

where

AS/( q’X 2>(pﬂa))ﬂ(p(a))

/ dw <)(p
pez?

+ iR (p, @)z, ()T, (@)

+ir" (p, —a))Tp(w))(p(w)> , (3.10)

which define the components of the bold matrix R:

@y o iR (p. o
Ri(p. o) :=<_R<’;) (p’_) iR )>, (3.11)
iR, (p.—w) 0

and where Fourier components of Ry (p, ®) are defined as

Ry(p.1) = (3.12)

/da)e wiR (p,w).

The partition function has the expected form. There are,
however, two physical constraints to take into account.
Causality and time-reversal symmetry, are closely related to
the fluctuation-dissipation theorem (FDT) [103,121,122].
Note that the Langevin equation (2.4), being of the first

order, admits only one causal solution. We will describe the
constraints on the regulator so that these physical con-
ditions are preserved by the regularized theory, i.e. so that
the effective models along the RG flow still describe an
equilibrium dynamics compatible with causality. Note that
this construction ensures that the component jyy of propa-
gator (3.5) vanishes, G 5, = 0.

Time-reversal symmetry and FDT. The time-reflection
symmetry is a direct consequence of this equilibrium
dynamics, to which we will limit ourselves in this paper.
It is realized by the following transformations on the fields
E — E for the nonregularized theory (R, = 0) as

140 = 1p(~1) = 2Ty~ (3.13)

and for complex conjugates:

- 2i

() =Ty(=1).  Jp(t) =Zp(= )+QTp( f).

(3.14)
It is easy to see that these transformations leave the
nonregularized classical action S[g,y| invariant, within
total derivatives. Moreover, the Jacobian of the trans-
formation being equaled to 1, the path integral defining
the partition function is invariant as well for zero external
sources. The transformations of the source terms into
counterparts give a certain number of relations between
observable, from which the classical FDT follows. Let us
derive it from the expected invariance of the functional
integral. The source term—J - ¢ + j - y—in (2.37) trans-
forms as

Jq+jx—~J-q+7x
-5 [ (o

up to total derivative contributions. We moreover intro-
duced the notation X(¢) := X(—t). We introduce the follow-
ing definitions:

5,0 >) (3.15)

Ry(1.1) = (DT, (1)),  Dp(t.1) ==

T, (0T, (1)),
(3.16)

and the transformation (3.15) leads to the FDT:

57
(—t,=1) :—liD

R t, 1.
Q dt p(1:1)

14

(t.7) =R,

(3.17)

Since D, (1,
invariance,
rewritten as

') is symmetric, and assuming translation
ie. R,(t,1')=R,(t—1), this relation be
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FIG. 3.

R

(1) :%9@)%@,@). (3.18)

These relations can be converted to the Fourier represen-
tation as

Gor(0,p?) = Gyr(=d0,p?) = 20Gr(@.p%)].  (3.19)

It is easy to check that this relation is satisfied, at zero order,
by free propagators (2.46) and (2.47). Let us show how the
regulator can be compatible with these physical constraints.
We would like to construct a regulator AS; that is
compatible with the time reversal, i.e., which is invariant
under the transformations (3.13) and (3.14). A calculation
detailed in Appendix B shows the we must have

2.
R p.t =) =R (pt =) = SR (p.t =1) = 0).

(3.20)

In terms of Fourier components, this relation reads,

RV (p.w) =R (p, —0) = 2iaRY (p,w).  (3.21)
For such a time-reversal symmetric regulator, FDT (3.19)
holds for all k.

Causality. The driving force f,(t, [q(t)]) added to the
Langevin equation depending nonlocally (in time) on the
trajectory ¢(7), we must have to preserve causality:

. (3.22)

R (p,t—1) < 0(1 - 1)

For the theory without a regulator, the free propagators
satisfy nontrivial causality conditions, which can be inves-
tigated from the explicit expressions (2.46) and (2.47). For
instance, the component C)—(T reads as

Poles of the components C7, and Cyp of the free propagator.

SRS
i(p? + m?)
Rw
Cor
Cyr(@.p®) = . —— (3.23)
“ o +i(p* + m?)
which has a single pole @ = —i(p?> + m?), in the lower half

part of the complex part (see Fig. 3). Hence, the free two-
point function,

_ A dw el@(t=1)
Zp ()T, (1)) = NPt (3.24)

which vanishes for t — ¥ > 0 from residue theorem. Hence,

Hp(OT,(1)) x 0(1' —1).

Note also that at zero moments, it is the mass that removes
the ambiguity on the position of the poles.* This causality
will be an important condition to respect in the construction
of the nonperturbative RG, and we will impose the effective
two-point functions to satisfy them, asking that the poles of
the functions Gy 7, and Gy 57 are, respectively, located in
the half lower part and the half upper part of the complex
plane, as in Fig. 3. This condition allows us to understand
an important point. In the following sections, we will
construct an approximation for the I'y functional through a
truncation. Causality allows us to understand that this
functional cannot contain independent contributions from
the response fields y and y. In other words, it must
necessarily have

(3.25)

vk, (3.26)

I_‘k | y=7=0 — 0’
a property that we call heteroclicity. We already know that
this condition is realized initially for the action S;
see (2.38). To show that this contribution is zero, it is
therefore sufficient to show that its flow is zero, in other
words, that:

4 . .
For a zero mass, we should have to regularize with a
parameter ¢ — 0" to guarantee causality.
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d

ﬁrku:)?zo - 0, V k

(3.27)

This is easy from (3.4). The flow equation involves three
contributions. The first one involves the product

4RO (.1 )7, (02 (1)),

which vanishes due to the condition (2.48). The second
contribution has the form

ﬁR;‘)(p, t=1) (7, ()TH(1)),

and vanishes because R,({l)(t —1)x0(r—1r) and
(x()T(7')) x O(f —t). The third contribution vanishes
for the same reason.

Remark 2. It is important to note that the condition
(3.27) is easy to check in the case of coarse graining in
time, as is the case in this paper. It is more subtle in the case
where we practice coarse graining only on moments and
not on frequencies. In this case, one must return to the
discrete version of the equations in the Ito prescription;
see, for instance, [101]. In this case, we show that the
coincident time correlations must be replaced by regular-
ized versions:

I (DT (1)) = Op(t + €)Ty (7)),

which introduces a factor e’“¢ in the Fourier integrals. This
factor ensures convergence of integrals in the upper or
lower part of the complex integrals, and the previous
condition (3.27) follows from the expected position of
poles in the integrals, once again as a consequence of
causality. Note moreover that the last condition is obvious
in the supersymmetric formalism, quite natural in the
Stratonovich sense. Supersymmetry, which is ensured by
Ward-Takahashi identities for the quantum theory, implies
that the constant term flows vanish due to the cancellation
of bosonic and fermionic loops [105].

Remark 3. The condition (3.27) can be checked from
perturbation theory as follows. Let us focus on the quartic
melonic model. Figure 4 lists the expected boundaries for
effective vertex functions, which can be generated in

() (b) (©) (d)

FIG. 4. List of boundaries which can be generated from initial
conditions by Feynman diagrams.

(3.28)

w1 — W~ , w2
N\ -~ 4
’ e N
w1 7/ Nwo + @
FIG. 5. The one-loop Feynman graph contributing to the 1PI

effective vertex function corresponding to boundary (d).

leading order from melonic diagrams. Note that all the
allowed configurations are not pictured in the figure.
For instance, there exist the same configuration as (a),
obtained by reversing the black and white colors
of the nodes. We will denote as (&) this configuration.
Note that some edges are their own deputy. Thus, d = d.
Note, moreover, that only boundaries of type a and a are
involved in the classical action. At one loop, the boundary
diagram d, which does not contain the response field,
comes from the diagram pictured in Fig. 5. For zero
external momenta p, the corresponding Feynman amplitude
reads as

plwe ei(w—d))e

m?) (o — @) + i(q*

qez4/\/2”“’+’ +m?)’

(3.29)

where, according to the remark (2), we introduced a factor
e'¢, ¢ — 0" [equation (3.28) of remark (2)] and where @
denote the total external frequency. Introducing Feynman
parameters [123], the integrand reads

eiwe ei(w—(b)e

o+ i(qg*> + m?) (0 — @) + i(g> + m?)

ld (2o-a)
A Yo+ i + m?) — xa)?

e 1 J e2lms
=e X
A [ +i(g* + m?) — xa]?
d 1 dx e2iwe
doo Jo x o+ i(g*+m?) —xd

__ ,lke
= e

The unique pole is in the half lower part of the complex
plane, and the integral over @ vanishes identically, in
agreement with (3.27).

C. Renormalization and scaling dimension

1. Renormalized theory

According to the theorem 2.1, the equilibrium distribu-
tion of the quartic melonic model is just renormalizable for
d = 5. Thus, it must be possible to make the perturbation
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theory for the equilibrium distribution p(q) ~ ¢~"4! finite
at any order,’ using a finite number of counterterms. There
are three of such a counterterms Z,,, Z;, and Z_, and we
renormalize, respectively, the mass m*> — Z,,m?2, the cou-
pling 1 — Z;4, and the field ¢ — Z‘lx{2(p [37]. We will
assume that these counterterms are adjusted so that the
continuous limit exists (the theory being asymptotically
free, [114]). To simplify the notations, we will simply call
A and m? the coupling and mass parameters, including
counterterms, and we will note A, and m? the renormalized

|

(finite) versions of these parameters. Moreover, we will fix
the finite part of Z, so that the effective propagator of the
equilibrium theory behaves as®

1

Gey(p?) ~ 55—, 3.30
wlb?) (3.30)

as k — 0 and for p small enough. The regularized kinetic
Lagrangian then reads as

Skin = Z /_“o dé (j{p(&));(p(&)) + iy (@) (=i + Zop? + m*) Ty (@) — iT,(®)(id + Zoop* + me(a)) . (3.31)

peEZ’

disregarding the renormalization of the response field that
we will consider later. The quartic interaction receives
counterterms as well, and in (2.44), we must replace
A — Z2.Z,2,. For this model, the counterterms Z, and
Z, can be formally computed, as the authors in [65]
showed. We recall their conclusions here for self-
consistency:

Proposition 2. With the normalization condition (3.30)
and the renormalized coupling, A, providing the correct
four-point function at zero momenta, the countersterms
Z, and Z, are equal to all orders of the perturbation theory.
Moreover,

ZZl = 1-21,A,, (3.32)

with A, given by

hom ¥

peS cz*

1 2
(Aﬁ+4%—%@)’<””

where the sum is assumed to have some UV cutoff A
(limy_ o Sy = Z*) and Z,(p) has quartic and logarithmic
divergences with respect to A.

The counterterms in (3.33) cancels all the divergences in
Y (p), except the global one of the sum, which corre-
sponds to the last subtraction in the Zimmerman forest.
Hence, A, behaves as In(A). More details can be found in
Appendix A 1.

2. Scaling dimension

In quantum theory in ordinary fields, the scaling
dimension is closely related to renormalizability. An
analogous notion can be defined for TGFTs (see the

>Note that to agree with the convention in the literature and in
Appendix A 1, we canceled the global factor 2 by a suitable
redefinition of fields and couplings in this section.

|

references [59,97], or [61]), which accommodates the
nonlocal nature of the interactions and the background
independent definition of the theory. We have the following
definition:

Definition 4. Let » a bubble having n(b) white
vertices and G the set of two-point diagrams made of a
single vertex of type b. The scaling dimension dim(b) is
defined as

dim(b) = 2 — maxw(r).

reG

(3.34)

This definition in particular implies that two-point bubbles
have dimension 2, and in particular, the mass must have
dimension 2: [m?] = 2. In the same way, from (2.23), the
leading-order two-point functions built with a single quartic
melonic vertex are such that w(r) = 2, and the canonical
dimension vanish [A] =0, in agreement with the just
renormalizability of the quartic model.

IV. MELONIC APPROXOMIATION

A. Truncation and regulation

Solving the exact RG equation (3.4) is a difficult task,
even for simple problems, and requires approximations.
Usually, these approximations take the form of truncation
in the full theory space, which is the functional space of
infinite dimension spanned by all allowed classical actions
defined by the condition that the classical Hamiltonian
Hlp, @] is a sum of connected invariants. The truncation
will allow for the restriction of the phase space to a smaller
domain where the equations will be easily solvable. The
method that we propose, the EVE, nevertheless allows
capturing entire sectors, containing an infinite number of
interactions, as well as the dependence of the effective
vertices on the external momenta.

®Avoiding IR fixed points; see [97] for more details.
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We will choose the following ansatz for the effective average action I';:

M. M.0.5] = Y /_ :’" dé> <Y(k)5,,(a))o,,(a)) + 6, (&) (=Y (k)i + Z(k)p? + m? (k) )M, (&)

peZ®

+ iMy (@) (1Y (k) + Z(k)p? + m?(k))o, (@) + i(f‘fp(@)

where Y (k) as Z(k) and m(k) look like a kinetic coupling,
and this parameter ensures the time reversal symmetry with
respect to the transformation (3.13) and (3.14), and

Flini i [M, M] = /d?zkdimwzn(b)(k)zb“b (7). (7).
b
(4.2)

provided that 7, is given by (2.12), and the dimensionless
time 7 is 7 := Qt. The sum runs over connected tensorial
invariants, dim(b) is the scaling dimension of the bubble b
[see (3.34)], and n(b) the number of fields ¢(g, ¢) involved
in the interaction b. One can justify the truncation (4.1) as
follows. First, the time-reversal symmetry (3.13) implies
that the quadratic term in 6,(®)o, (@) renormalizes as the
linear terms i®G, (&) M,(®) and —i&oM,(&)o,(d).

Remark 4. The truncation (4.1) is compatible with a
symmetric phase approximation, i.e., with an expansion
around zero vacuum field. In the symmetric phase, it is easy
to check that two-point functions are diagonals in their
momenta indices. Moreover, odd vertex function vanishes
identically—see [97] for an extended discussion.

Let us move on to the choice of the regulator. For all our
investigations, we chose regulators R,({l) and RE{Z) as a
product of a pure frequency regulator with a momentum
regulator. For the frequency regulator, we choose’

R (p.w) = QRZ()pe(@)rip?).  (43)
and for the momentum regulator r;(p?), we choose the
usual Litim regulator:

2
p
r(p?) = a(l — P)Q(kz -p?). (4.4)
For the frequency regulator, we chose
k2
= 45

This choice has been considered in [104,105]. It is causal
(with a single pole in the lower part of the complex plane),

7Although we chose Q = 1 above, we reintroduce Q here to
clarify the conventions.

+oﬂ®%§??%)>, (4.1)

p

and its Fourier transform behaves like ~e ¥/6g(z).
Numerical coefficients a, f should be numerically tuned
from the MSP, which assumes that an optimized flow
induces a minimal dependence on the choice of the
regulator [101,104,124]. Thus, by numerically computing
the critical exponents and varying the parameters a and f3,
the MSP will fix their values at the points where the
derivatives of the exponents concerning these parameters
will vanish. In particular, for # = 0, the coarse graining is
about momenta only, and we recover the standard RG
without time regularization. In the rest of this paper, we will
introduce dimensionless momenta x and frequencies Yy,
defined as

PP =kx, w0=QZ0KRY'(k)y.  (4.6)
We furthermore define the renormalized £ as
B =21 (k)Y(k)p, (4.7)
such that p;(w) transforms as
(@) = p0) = 48
) — = —, :
Pi M =1"7
and
R (p.w) > RO (xy) = Z(K)p)r(x).  (4.9)

where r(x) = a(1 — x)6(1 — x). The equation for R,(f) can

be derived from (3.21), and we have

Q%k?

R (p.0) = 5 Z(K) (pi(~o) = pe(@))ri(p?).  (4.10)
and we get
RY (p.w) = QY (K)2(y)ri(p?), (4.11)
where
B
2(y) = e +32y2 , (4.12)

which defines a dimensionless function R (x, y) as:
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R (x,y) = Y(k)2(y)r(x). (4.13)

Derivatives with respect to k can be easily computed, and
we get for R,(cl)(p, ):

d
kR p.0) = 2+ )R (p.0)

2= ify(ny —n) |

_ 2
Z(k)Qk 0= iy (x)
+20QRZ() — (1 =), (4.14)
1 —ipy
and for R,(Cz)(p, w):
d
ko R 0. 0) = 24+ )R (p. o)
A2+ PPy (ny —n)
2Qy (k)p=——— L
PRy
—2aQY (k) ﬂeu —x).  (4.15)
1+ py? ' '

For future calculations, we will define two dimensionless
quantities:

2 —ify(ny —n)

i (x,y) = (2 +n)p(y)r(x) - WWC)

+ 20 —liﬁye(l —x), (4.16)
and

P Y
pal,y) = i (3)r(x) + 2&%;’;2)2”) )
2apx?

Y el (4.17)

where
1 d 1 d

n::mkﬁZ(k), ny ::mkﬂY(k) . (4.18)

B. Melonic equations in the nonbranching sector

In this section, we will focus on a restricted sector of the
theory, the nonbranching melonic sector. We will finally
derive the flow equations in this approximation. This sector
is stable (at leading order) along the RG and has shown its
interest in the past [97,100,125—-127]. Note that in this
section and in the following, Q = 1 everywhere.

1. Nonbranching melons

As we recalled in the first part, the most divergent
diagrams are said melonics. Strictly, melons are connected
graphs and are then bubbles as well. For d-colored graphs,
melons can be defined recursively as follows:

Definition 5. Any melonic bubble b, of valence x may
be deduced from the elementary melon b;:

replacing successively x — 1 colored edges (including
maybe color “0”) by (d — 1)-dipole, the (d — 1)-dipole
insertion operator R; being defined as

— >
? R,

In formula: b, = (TT<Z} R, )b;.

For instance, the first bubble on Fig. 1 is a melon. For our
nonperturbative investigations, we especially focus on a
subsector of the melons, said nonbranching.

Definition 6. A nonbranching melonic bubble of
valence k, b,(f) is labeled with a single index # € [1, 5]

and defined such that:

(4.19)

(4.20)

b = (R, )b, (4.21)
Figure 6 provides the generic structure of melonic non-
branching bubbles in rank 3. Note that the definition holds
for diagrams involving square nodes. Another important
concept is that of the boundary diagram. It concerns
Feynman diagrams, such as the one shown in the Fig. 2.
We have the following definition:

Definition 7. Let G be a regular (d+ 1)-colored
Feynman diagram with 2N external dotted edges. They
are hooked to 2N black and white nodes, say externals, and
the boundary diagram 0dG of G is the regular d-colored
graph, discarding edges with color 0 and such that:

@ H@ ..'H H..'

FIG. 6. Structure of the nonbranching melons, from the smallest one b,.
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FIG. 7.

(1) Nodes of dG are external nodes of G

(2) Edges with color # 0 linking two external nodes are
conserved.

(3) Any open cycle made of colors 0 and i between two
external nodes n and 7 is replaced by a link of color i
in 0G.

Figure 7 illustrates the mapping for a Feynman diagram in
rank 3. Note that the boundary diagram is melonic, but
branched in that example.

In the rest of this paper, we will work in the subspace of
the theory space, generated by the nonbranched melons.
Thus, all 1PI functions will be assumed to admit a Feynman
series whose boundary diagrams are nonbranched melons,
and we will index each effective vertex by a bubble of this
type. Because nonbranching bubbles are labeled with a
single color, the corresponding 2n-point vertex functions
decompose along d components,

d

2n 2n),(¢
r) = 3 pE),
=1

(4.22)

each component F,((2">‘(f) being assumed to be labeled

with nonbranching melons of valence 2n. We will now
move on to the derivation of the flow equations in the
nonbranching sector. We only derive flow equations for
two- and four-point functions with zero external momenta
and use melonic equations to close the hierarchy,
expressing six-point functions in terms of four- and two-
point ones.

2. Flow equations

Flow equations for different couplings can be obtained
from the flow equation (3.4), taking successive derivative
with respect to classical fields M, M, o, 5. We introduce the
notations E = {M,c}, E = {M,5}, and

[lustration of the mapping G — dG for a six-point Feynman diagram in rank 3.

1—‘(2P o 52PFk
2ay..2aep . BhiEbp T = B
SR T G (o) - 0B op) 05y (@)
(4.23)

for a;,b; =0, 1, E° = M, E! = 6. From truncation (4.1),
we have

T2l = Y(K)3y,p,8(01 — i), (4.24)
and
4).(¢ i ¢
Fl(cgll(/llt)/lM = ;”1& )(P%f’ p%f)(wl('l,)m-l'z,h +p2 < ps)
X 5(&)1 - &)2 + 6?)3 - 6)4), (425)

where the function ﬂ,(f) (p3,, p3,) (depending on the square

of external momenta) gives the momentum dependence of
the vertex, with normalization condition:

22(0,0) = A(k). (4.26)

defining the effective quartic coupling at scale k. Note that
we disregarded any dependence of ﬂ,(f) on the frequency.
Our truncation is then ultralocal for the time parameter. We

moreover introduce the notation:

2 2 . R R
Fl(c.%"lsdz = }//(c.%"lsuz (pl’ wl)épmzé(“’l - wZ)’ (4-27)

and we have
y2up = 0.0 =0) = im(k),  (4.28)

and
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d o .
Zo TP = 0.6 = 0) = Y (k)
d R .
Tl = 0.0 =0)=iZ(k).  (429)
Di
the last equation being valid forall i = 1, ..., d, agrees with

the isotropic assumption. The flow equation for y,(ff);M can

be deduced from (3.4), taking derivatives with respect to &
and M. We obtain

. (2 ~ ~ ~ . 4

P (P1,@1)8y,,8(@0) — @) = —TIRG T\, Gy, (4.30)
where we omitted momenta and frequencies to simplify the
expression and the trace Tr runs both over momenta,
frequencies, and fields. The dots in the four-point functions

F;:QM designates allowed fields in the trace, and we
introduced the notation

. dX

X:=k—. 4.31

Equation (4.30) can be pictured as in Fig. 8, where dotted
edges with gray circles materialize propagators, cross-circle
|

The two last contributions create only one face, accordingly
to definition II A and are therefore less relevant than the two
first ones, which are melonics following definition 5.
Because we focus in this paper on the ultraviolet (UV)
regime,

A>k>1, (4.33)
for some UV cutoff A, and the two last configurations in
(4.32) can then be discarded at the leading order. Note that
we do not include some numerical factors counting the
number of corresponding configurations. For instance, the

ROSON

Q Q
14

»

Mp, (@2)

FIG. 8. Representation of the single-loop flow equation for yf; ”

materializes regulator contribution Rk, and we pictured the
four-point function in order to make the index structure
explicit. On the figure, arrows are oriented from barred to
nonbarred fields, and gray half edges materialize response
fields. Because Gy;, = 0 and Ry, = 0 [see (3.11)], and
that from truncation (4.1) the only nonvanishing field
configuration for bullets in F,@M is F,(;)MMM, there are

only two contributions allowed for internal fields. Hence,
we get

(4.32)

first configurations have to be multiplied by a factor 2,
counting the two allowed configurations for the internal
(black or gray) solid edges:

GE—M = —<—O s

(4.34)

the arrows being oriented from “barred” to “nonbarred”
fields. Diagrams of Eq. (4.32) can be easily translated in a
formula; for instance (we count the diagram twice),
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i = - 251)11725(@1 -

Mp, (@2)

In that equation, the components Gy iz, and Gy 5y, of the
two-point function can be computed explicitly as

Gion(p* @) = —%ﬁﬁ (4.36)
and
o L Y(k) 1+12(y)r(x)
Grim(p*. @) 2200 Te) [ e —y) (4.37)

(2)

Mp, (&2)

= iﬁk (p?hp%l) Plpzé(wl

(2)

2 .2
AT P11, P
) k(P11 Pi)

7r (4.35)

where r(x) := a(l — x)6(1 — x), and for the truncation that
we consider,

flxy) =iy +x+m?+p(=y)r(x),  (4.38)

the dimensionless and renormalized mass and vertex

function m? and z'r,(f) being defined as [see (4.2)]

m2=Z(kem?, ) =272k, (4.39)

Using these definitions, a straightforward calculation leads
to the expression,

— (I)g)Z(k’)k‘2L21 (C(Il) s

where x; := p,/k, and assuming k large enough sums can be replaced by integrals. Hence, we define

2
Ly (x;) = ;Ad ax'dys(x) — x;)u (', y)

1+ 2(y)r(x))
JE NP =y)

(4.40)

having introduced the notation x € R¢, with components x; and square length x = >, x?. In the same way, we get the

second diagram:

N

—(2)/,2

Mp, (@)

i =iy (P11, P11)Opipa0 (@1 — @2) Z(k)E* (— Loz (1)) ,

(4.41)
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with

Ha (¥, y)

Ly(x)) = %Ad dx'dys(xy —x;) m

(4.42)

The flow equation for mass can be obtained by setting
p; = 0. From the normalization condition (4.26), we get

Bz = —(2+ n)m* = dA(Ly (0)

—L»(0)].  (4.43)

using the conventional notation in field theory fy := X.
In the symmetric phase moreover, where, in particular,
F,(f) = 0, the anomalous dimension 7y vanishes identically,
asitcan be easily checked from definitions (4.18) and (4.29):

7y =0 (in the symmetric phase)|.  (4.44)

Letus detail the derivation of the flow equation for 7. We will
not be able to complete the derivation in this section,
the end of the derivation being given in Sec. V.

A 5(0
? T Mp(0 Mg (0
Mg(0

+

Mo (0)

Mo (0)

+

®-©
" M
Mg (0) @@

Mq(0)

Mq(0)

Mq(0) \( Mg(0)  Mp(0) Mq(0)
+
¢ : [MO O :Mo(ﬁ)

Mq(0)

Mo(0)  Mg(d
; O Mo (0)
0 M@ MMO(@) .

From definition (4.29), we have the self-consistency
equation:

d

’1:—,_1/(L21(0)—L22(0))—/_1d S(Ly (x1) = Lyp(x1)) ’
X x=0
(4.45)
where we defined
S| =ZKT. (446)
dpl p1=0

The equation for the four-point coupling 4 can be deduced
from the renormalization condition (4.25), setting external
momenta and frequencies to zero. Deriving Eq. (3.4)
one time for &, one time for M and two times concerning
M and setting external momenta and frequencies to zero,
we get, using the same graphical representation as before,

Mo (0)

+

Mg (0)

Mo(0)
(4.47)

Mq(0)

+

Mg (0)

This equation requires defining the six-point functions, as we defined the four-point ones [Eq. (4.25)]. We need only the

zero momenta function, which reads as follows:

(6).(¢) _ 9
keMMMIIM |y — 2 — k(@

— &y + 3

— &y + &5 — @), (4.48)
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where k denotes the sixtic coupling constant. For the two first diagrams, we get

31 _ 4.49
g 0) Mo©) T () 5 = 5= 2 (k)RA(0) (L21(0) — Lys(0)) (4.49)

Mg (0) Mo(0)
where, from (3.34),
k= k223 (k)R (4.50)

Indeed, the maximally divergent two-point diagram that we can build from a melonic six-point interaction has a divergent
degree (see proposition 1):

w(r)==-2L+F=-2x2+42x(d-1) =4, (4.51)
then dim(b) = —2. The computation of diagrams involving four-point vertices requires being more careful. Let us compute
the first one. Explicitly, we have

Mg (0) .
45 \?
= —5(0)—%-
05

Mg(0) ®'O Mq(0) (4.52)
X Oppn / G ot (D2, ©) G (D%, ©) G i (0% )R (p, @)

p

which, after some algebra, can be rewritten as follows:

= 0(0)—~Z%(k) L3, (4.53)
Mq(0) @.O My(0)

with 14+ z(y)r(x
Ly = / dxdyp (x,y) =t Oy 56
(5y) 1t e()r(®) R e y)f(x,-y)
wy(x,y (y)r(x
Ly = / dxdy . (4.54)
TS Py fay) S -y)
Each diagram can be computed in the same way. One can L3y = / dxdyM. (4.57)
check, for instance, that the contribution of the first diagram R* FH ) f(x,=y)
equals one of the fifth diagrams, and after a tedious
computation, we get for 3, := 1 Note that to derive these equations, we used the relation:
By ==2nA—3k(Ly(0) — L (0))
. ’ (4.55) |Gk,6M(w) = Gyt (—0)), (4.58)
+1642 <L31 +4L3 —L33>

which are also true for the bare propagators given by
where Eq. (2.46).
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3. Structure equations

The flow equation (4.55) for the quartic coupling A4
involves the sixtic coupling . Hence, in principle, we are
obliged to consider the flow equation for «, which involves
the octic couplings and so on. The infinite hierarchical
structure does not stop, even if:

(1) We stop it abruptly, imposing I';™

(crude truncation).
(2) We are able to express I';

of F,((< n, F,(CZ(" ) and so on.

The first option has been widely considered for TGFTs
[53,55,56,59,60,128], but some instability effects and
incompatibilities with symmetry constraints have been
noticed in our previous works [62,65,66], and the reliability
of its predictions is still debated. The second option is more
difficult to implement in general. It happens that we can
close the hierarchy in this way by exploiting some con-
straints coming from the symmetries of the theory and
which imply exact relations between effective vertices,
such as the Ward identities (see, for instance, [118]). In this
paper, we follow the strategy developed in our previous
work [97], where authors present a method exploiting the
tree structure of leading-order graphs, as melonic graphs, to
get nontrivial relations between nonbranching observable.
Because melonic diagrams dominate the RG flow in the
deep UV, this strategy is expected to outperform the
standard vertex expansion. Indeed, this method, called
EVE, allows one to close the hierarchy and capture the
full momenta dependence of effective vertices. We will now
detail it here.

If we consider the quartic model given by (2.25), there
are two kinds of quartic vertices, corresponding to vertices
of type a and type a. Hence, a general Feynman graph for
the model takes the form given by Fig. 9 (on left), involving
type a and type a vertices. Note that we have no dotted
edges liking square nodes because Gy, = 0. We denote as
G the set of Feynman graphs corresponding to this model.
We moreover define F as the surjective map F:G — Q,
which send any Feynman graph G to a Feynman graph

=
iy

(o) — = O up to some n

(2n) , up to a given n, in terms

!
I
|
1
1

2
2

G € G of the equilibrium theory (2.14). We denote as G the
set of Feynman graphs for the equilibrium theory. To be
more precise, F acts on a given graph G by replacing all
square nodes with disk nodes, without changing their color.
A white square becomes a white disk and a black square
becomes a black disk, as illustrated on 9. Moreover,
propagators (2.46) and (2.47) for the dynamical theory
are replaced by the propagator (2.19) of the equilibrium
theory, a rank 5 Abelian GFT for U(1) structure group.
Obviously, the inverse map F~! is not one to one in
general: F~'(G) = (G,,G, -, Gg), and we denote as K
the multiplicity of the graph G. In our previous works, EVE
has been considered for the field theory corresponding to
the equilibrium state (2.13) in [65,66,97]. The authors
showed that melonic nonbranched six-point function

r ,(66)’(5)), corresponding to sixtic melonic boundaries with
color ¢ [accordingly with the definition (4.22)], can be
expressed in terms of the four-point and two-point func-
tions, and for zero external momenta (which is what we
need to close the hierarchy), this relation reads

|0 = (3!)? x Ag, (4.59)

k eq
where (3!)? counts the number of different configurations
for external momenta, and the graph G, is pictured in
Fig. 10. Note that G, is not truly a Feynman graph but an
effective graph, where external four-points vertices are
effective four-point functions materialized by their boun-
dary graphs and resuming an arbitrary number of graphs

and where the interior two-point functions have been
resumed as well [see Eq. (2.19)]:

a_ P _ Opq
p2+m2 _

) (4.60)

where p € Z° and T means that divergences of the self-
energy have been canceled by counterterms Z,, and Z,,,
accordingly with the renormalization condition (3.30). If

2
a

2
2

FIG. 9. A typical Feynman graph G (on left) and the corresponding normal graph G = F(G) (on right).
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p;=0

p; =0

p; =0

FIG. 10. The effective six-point graph G,. The external four-point vertex are indeed effective four-point functions, which we denote by

their boundary graph.

we apply the inverse map F~! to G, we obtain a family of
graphs (Gy, ..., Gg) but having different boundaries (see

definition 7). Hence, if we restrict ourselves to the graphs

having the same boundary 0G, of F](c (zA(/IA)/IMMM|0’ we focus

on the set S = {F1G]|0G; = dG, ¥V G; € F~[G,|},
where explicitly:

Gy = , (4.61)

(60

k,oMMMMM |0 — 12

disregarding external momenta and frequencies for sim-
plicity. Note, moreover, that, as before, external four-point
vertices are effective four-point functions materialized by
their boundaries. Explicitly, we get

3
©-) o = 1223 (k)k™2 <&> x (Al + BI,)6(0),
z

k,oMMMMM

(4.64)

where A and B are numerical constants that we can
determine by perturbation theory. It is easy to check that

and the zero momenta effective vertex function
(6).(2)
U shinminmlo decomposes as

r,i ) il = 12 > A (4.62)

GeS

where we used the same notation A to denote the amplitude
of the stochastic model, where 12 = 3! x 2! counts the
number of external momenta arrangements as before. It is
easy to see that |S| = 2, and graphically:

(4.63)

|
the loop integrals /; and I, are equals, and, using the
integral approximation introduced before,

o= [ o /fSlH ())

The perturbation theory leads to A = B = 1, and we get
from (4.48) and (4.50),

. 4/1344 / fl—l—r ())

(4.65)

(4.66)
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We are now in a position to derive the last piece of the
puzzle, namely, the derivative of the effective vertex at zero
external momenta (4.46), required to compute the anoma-
lous dimension.

Remark S. It can be noticed that we used truncation to
define the loop integral (4.65). The truncation is in principle
expected to be valid only in a small region around k£,

namely on the support of R « In [97], we showed that using
truncation outside this support for divergent integral leads
to dramatically wrong conclusions. In the same reference
and [65], we showed that it can be a good approximation
for convergent integral and, in particular, that this does not
introduce Ward identity violations. We use this approxi-
mation scheme to compute our convergent integrals in this
paper, as [; is.

To conclude, not that in our truncation, the integral in
(4.65) can be computed analytically. For instance, without
coarse graining in frequency (f = 0) and setting a = 1,
we have

73 (m*(m? +3) + 3)

Klp_g = . 4.67
K|/)’:0 6(1 —|—ﬁ12)3 ( )
In the opposite limit, for a = 0 but ,@ =1, we get
parh
K|geo = =5 - 4.68
Rluco =22 (4.68)

Both have an obvious infrared singularity for m? = 0.

A

Finally, for a = f = 1, we get
ayN
Klyey jor = 601+ )
+ 2(m?* 4+ 1)(2m* + 3) log(1 + m?)
= 2(1 + m?)(2m? + 3) log(2 + m?*) + 7).

(m?(m* +17)

V. ANOMALOUS DIMENSION AND WT
IDENTITIES

The aim of this section is to use Ward-Takahashi (WT)
identities to compute the last ingredients in the expression
of anomalous dimension A’, defined in (4.46). Since the
interactions are invariants by construction under unitary
transformations of the type (2.10), there must exist non-
trivial WT identities between effective vertex functions.
These identities provide nontrivial relations that constrain
the RG flow and allow us to compute the derivative of the
effective vertices for their external momenta, which is
exactly what we need to compute the anomalous dimen-
sion. These WT identities have been extensively discussed
in the literature in the last years with this aim; see, for

instance [97], where authors investigate the equilibrium
model (2.13).

A. WT identities for unitary symmetry

Working in the Peter-Weyl basis, the unitary trans-
formations (2.10) act formally on fields components as

T ST = U.,T‘ , 51

P P q,ze:Z Pigi qu:pjvj# (5.1)
where

> UhUgy = UpUl =6, (5.2)

qeZ qeZ

The interaction part of the Hamiltonian H is invariant under
such a transformation. Indeed, invariance is only broken by
the Laplacian term in the kinetic action. Let us consider
now the classical action S given by (2.38) and the
generating functional Z[J,J,,]], equation (2.37). The
interacting part S;,, of the classical action is invariant if
we transform both fields ¢ and y:

d
Ty =T, = Z { Ug?q,} Ty,
gez? ti=1

d
%ﬁmzz[tﬁyw (53)
1

gez? Li=

where {U(} are d-independent unitary transformations.
We consider infinitesimal transformations,

U=1+e¢+ O(e?), (5.4)

where [ is the identity matrix (with elements J,,), and € =
—e' is along the trivial representation of the Lie algebra of
the unitary group. We furthermore define the operator ¢€;,
acting on the ith component of fields as:

é‘i[T]p = ZEPI‘L'TA(]_/:PJ'J#' (55)
qi

The global reparametrization invariance of the path integral
defining the generating functional Z[J, J, ;, j] means that:

&;12z[J,J,1.7]] =0, (5.6)
for all i € [1,d]]. We can expand this relation to first order

in e:

0= / dqdy[&:[S[q. x]] + &[AS,[g.x]]

— &l -q+y .X”e—S[qx]—ASk[quJqﬂ%_ (5.7)
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We will compute each term of the variation separately,
starting with the source terms:

Computation of &;[J-q+ j-x]. The operator &; acts
linearly on each field, and after some arrangements we get

&g+

= / doy H(spjp} 7, (@) Ty (@) = Ty ()] (@)
pp J#i
+ jp(w))(p’ (w)

Computation of €;[S[q,x]]. The variation splits in two
contributions, for kinetic part and interactions:

_)_(p(w)]p'(w)]ep;p;' (58)

(5.9)
|

¢:1S[g. x]] = &[Skinlg- x]] + €:[Sinclg. x]].

[ASk q,)( /dwz H(Sp p ) - Rl(cl)(pl7

)]y (@0)Ty (0

The second contribution to interaction vanishes by con-
struction. The kinetic action for the response field Ep TpXp
is invariant as well, and the corresponding variation
vanishes. This is also the case for contributions like
@3, Tpxp and m* ", T,y,. Finally, only the Laplacian
contributes nontrivially to the variation, and we get

&(Slg.x]] = / 403" T L6007 = PPy )Ty (0)
pp JFi
+ Tp (0)xy (a)))epi,,;. (5.10)

Computation of €;[ASi[q,x]]. The computation of the
variation of the regulator follows the same strategy as for
the kinetic action:

pp JF
2 2 _
+ R (p.0) = R W' 0) )7, (@) (@))e - (5.11)
Taking into account all these contributions, the variation (5.7) implies the relation:
0= [ X TLoy, |21 - )+ 18 0.0 = R 0]
pp J#
) O (iZ [} - pP) + iR (p.—0) — B 0 ~0)
djp(@) 07 (w)
0 0 ) 2) 0 0
x + R (p, o) (', )] =
Uy (@) 0p(w) ¢ (@) 07y (@)
0 0 0
Jy +7 Iy (@ )] Wild 1731 5.12
(300 3775 (0) 57+ Tl0) 5 = ) 3 (5.12)
where we introduced the free energy
Wil J, 7,7 ==InZ[J, J,1,7] (5.13)
We also introduce the following notation:
n il M M
(n+i;M+M) _ 0 0 0 0
Gl’l"'Pnspl"'pn§p1"'pM»l_71"'1_71131 = 1. —p‘;:l @Il:[la—_mgawk’ (5'14)
where the notation p; means p; = (p;, ®;). We furthermore introduce the following notations for classical fields:
ow _ ow ow ow
p::fk, Mp =k o, ::Tk, 6, ==—k. (515)
aJ, aJ, 97, 9],

The equation (5.16) then simplifies, and we deduce the following statement:
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Proposition 3. Observable of the equilibrium dynamical model satisfy the following Ward-Takahashi identity:

0= / oY 1185, [(1Zelp? = PP+ iR (0. 0) = R (0, o)) (G (0 032, @) + Gy (0) My (@)
pp J#F

+ (iZeo[p? = P2+ i[RY (p.~0) = R (0. ~0)) (G 1)) (p. 0:p' ) + 0 (), ()

+ R (p, ) = RP (p, )| (G (0 s, ) + 6, ()5, (@)
— Jy(@)My (@) + Jy (0)M, (@) = Jp(@)o, (@) + J (@)8,(@)]8),6 - (5.16)

We will exploit these identities in the melonic approximation, focusing on the nonbranching sector of the theory, to compute
A'. A technical complement is given in Appendix C.

B. Computation of A’ defined in (4.46)

We now move to the last Ward identity that we need to achieve our RG program. Applying the fourth derivative
0" /OM ,(w1)054()0M (w0} )0OMz (@) ). As the previous Ward identities provided a relation between the difference of two-
point functions at different momenta and the four-point function, the Ward identities that we will derive in this section will

provide nontrivial relations between four- and six-point functions and the difference between four-point kernels zr,<{2> (p1.p3)
with different momenta. As for previous relations, we have to note that Ward identities enjoy the same structure as flow
equations considered in the previous section and indeed play a symmetric role: Ward identities say how we escape to the
purely local sector, i.e., how to move inside the theory space as momentum change, and RG equations say how the theory
moves as the cutoff changes. Obviously, the Ward generators do not commute with the flow because flow equations describe
the flow of derivative coupling as well (as the anomalous dimension, for instance).

Using the same graphical representation as before, we obtain the equality:

Mq(wr)

(5.17)

Spq =0,

Mg (@) Mg (@) Mg (@) Mq(w) Mg (@) Mg (@) Mg (@) Mp(wn)
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where permutations of external fields M (o}) and M,(w,)  which can be rewritten as
are assumed when they are requlred Moreover we
assumed p’ # ¢’ to cancel the last term involving two
four-point diagrams, proportional to 6,,. This relation can

be translated as a differential equation for 71']({2> as follows. > ﬂl(f) (0, p?) — 14d 7‘71(3)( p2.p?) . (5.20)

d
We set p;=pi=q;=q;=0V j#i, p;=p;+1, dp; pi=0 2dp; pi=0
g =q =0, p; =g,, and p; = g;. With this configuration
for the external momenta, the two last parentheses involve
the difference: @

assuming 7, to be a symmetric function, and the Ward
@ 0. p2) = 7220. (02 = 72200 2 = 2200 (p. = 1)2 identity reads explicitly.
7 (0,p7) =2 (0,(p1)7) =m0, p7) = (0, (pi = 1)7), :

(5.18)
which can be approached in the deep UV regime (A > 1) lid o, , ,
by a derivative [see the discussion before equation (C20) in - E;d—pgﬂk (pi pi) =0
Appendix C]. Hence, setting p; = 0, we have 1 ! ) 2
iK 1 2
o R G RCHEN R CED
(77 0.p3) =270 (pi = 1?)
pi=0
d (O 2) op? (5.19)
i , .
d 2 k pi pi=0 p where we defined
J
Ly = | d iZe, iR< ) G G G Gra
ka1 ® o+ 1 P.®) |Grim(P. ©)Gron (P, ) — <P @)Grom (P, —)Giam(P. @) ,
peZ“ dpi pi=0
(5.22)

£ = =i [ 0 (1741231 .0) ) Guon . 0) G p.0) 26 p,0) + Gup =)o (529

peZ* b=
and
£t =i [ a0 R . 0)Gualp. )G (524
peZ“ o

Using dimensionless quantities and the definition (4.46),

— bk - __
B =—L+ 812(L\) + L)), (5.25)

where i is given by equation (4.66) and, explicitly,

Ao 1R — o . 1+ 2(y)r(x) —la% 0(1 —x)
=2 [y [ |t a0 g S B ] o
1+ 2(y

ld=- [y [ ar| @z et -y SIS (5 2 s )] s

and
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FIG. 11.
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Numerical picture of the RG flow in the vicinity of the Gaussian fixed point (black dot) for « = 1 (on left) and @ = 4 (on

right). Arrows are oriented toward UV scales. The blue region seems to blind the fixed point for the diagram on the left.

e fay [ i) 202 sy
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The previous expression can be simplified again. Indeed, as
discussed in Appendix C, Eq. (C.25) allows one to replace
Ly by Ly ~—mn/22. Moreover, repeating the argument
given in our previous work [97], the sums involved in Z,(:z)

and Zi,(f% being superficially convergent, the terms involving
Z, have to be canceled in the continuum limit. Indeed,

because we focus on the UV regime but so far to the IR
scale, Zo,/Z(k) — 0 as 1/In(A). Finally, using (4.66),

T EEEOLON
V=35 Jpedx [ dy 5o in

7/ ~(1 (2
+822(LY 7o + LY

(5.29)
)z—o)

We have then computed the last piece of the flow equation
for the anomalous dimension, Eq. (4.45), and we move on
to the numerical investigations.

VI. NUMERICAL RESULTS AND DISCUSSION

In this section, we provide some numerical results about
the flow equations described in the previous section. For
the first time, we focus on the limit ﬁ — 0 (i.e., no coarse
graining in frequency space), and we provide a description
of the global phase space structure, investigate the existence
of nontrivial fixed points, and address the optimization
issue regarding the computation of critical exponents. A
second time, we remove the condition ﬁ = (0 and consider a
coarse graining both in frequency and moment.®

¥ An extended discussion about the physical meaning of such a
procedure in that context is given in the conclusion.

A. Phase portrait, properties, and optimization for ﬁ =0

In that first section, we set ﬁ = 0. In this limit, integra-
tions over y in flow equations are performed from —oo to
+oo without a cutoff function. First of all, we are interested
to look for fixed point solutions and their vicinity. The
Gaussian point 1 = m?> =0 is a fixed point, and the S
functions read, at first orders:

/3/1 = ao(a)/_12 + 0(1’712/_12),

B = =2m> + by(a)d + O(m?2?). (6.1)
It can be checked for a reasonable range of values for « that
ag(a) > 0, meaning that the theory is not asymptotically
free. In other words, the theory is not perturbative in the
deep UV regime: The coupling constant grows toward UV
scales. This contrasts with the standard result about the
perturbative regime of the field theory defined by the
equilibrium state (2.13), which is asymptotically free
(ag < 0), see [65] and Appendix A 2. For a = 1, we have,
for instance,

ag(1) ~ 32.90, bo(1) = —16.45. (6.2)
Note that by(1) = —ay(1)/2 is true only for a = 1. The fact
that b is negative suggests the existence of a large river or
“mainstream” effect, dragging the flow. This is illustrated
on Fig. 11 for @ = 1 (on left) and for @ = 4 (on right), the
blue region on the figures corresponding to the phase space
domain where the denominator of # is negative. Note that
the existence of the fixed point and its properties are highly
sensitive to the choice for a as soon as a < 3. Furthermore,
for some small values for a, the anomalous dimension 7 at
the fixed point is below the regulator bounds: n > 5, = —2;
see Fig. 12. Then at the boundary, the denominator
vanishes, and the flow is ill defined. This singularity
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FIG. 12. Dependency of the real and imaginary components for critical exponent on the parameter a. On the left for & > 3 and on the

right for a < 3.
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FIG. 13.

moreover is expected to be a pathology of the symmetric
phase expansion (i.e., expansion around zero vacuum), and
only the region where the denominator is positive, con-
nected with the Gaussian fixed point A= m> =0 is
physical. In both cases, we show the existence of a purely
attractive UV fixed point, with complex critical exponents
0,0 =0,+1i0,,0, > 0.’ Trajectories are then separated by
the critical line joining the interacting fixed point and the
Gaussian fixed point. Some trajectories come from positive
mass (red curve for example) and someone’s come from
negative mass (green curve). This is reminiscent of the
physics of second-order phase transition, controlled by a
nontrivial fixed point [37] in the deep IR. The parametri-
zation for the regulator reveals a strong dependency for
a < 3, but increasing «a reveals a region where stability is
improved. Because the theory is not asymptotically free,
the existence of this fixed point ensures the safety of the
theory in the deep UV. For a = 4, we get

0 =157 +4.11i, (6.3)

*We define the critical exponent as the opposite of the
eigenvalues of the stability matrix M with entries M;; := 9,f3,
i.e., with the opposite sign regarding the ordinary definition.

1.5 2.0 25 3.0

Dependency of the anomalous dimension on the parameter « for the fixed point solution.

and for the anomalous dimension, n ~ 1.06. Figures 12 and
13 show the dependency on a of critical exponent and
anomalous dimension at the fixed point. Figure 12 shows
that the real part 6, = R(0) depends weakly on the
parameter « as soon as a > 3. Furthermore, the imaginary
part 8, = J(0) has some stationary points, for a = 3.7, 4.3,
and 5.9. These points, on the other hand, correspond to
nothing from the point of view of the anomalous dimen-
sion, which shows no stationary points. For, a > 6.4,
however, 0, is almost stationary. In this range of values,
moreover, the anomalous dimension remains small enough,
which is expected to be a good indicator for the con-
vergence of the derivative expansion [129], even if the
resulting value for 7 is large regarding the values consid-
ered in the literature, for the Ising model, for instance.'’
Figure 14 shows the behavior of the flow for a = 7, the
arrow being oriented toward IR scales. The anomalous
dimension has value #* = 0.4, and the critical exponents
are

0" = 1.28 + 1.98i. (6.4)

A relation between the convergence of the derivative
expansion and the minimal sensitivity to the choice of the
regulator is stressed in [124].

086009-29



VINCENT LAHOCHE and DINE OUSMANE SAMARY

PHYS. REV. D 107, 086009 (2023)

/ /////,,

0.10r

0.05F

0.00} ° |

-0.8 -0.6

FIG. 14. Numerical plot of the RG flow for @ = 7. On this
figure, the arrows are oriented from UV to IR scales.

B. Fixed-point analysis for ﬁ #0

In this section, we consider coarse graining in both
frequency and momentum, with B;é 0. Once again, we
confirm the existence of a UV attractor separating the phase
space into two regions, an ergodic phase with positive
mass, and an expected nonergodic phase, with negative
mass in the IR. The fact that this transition is controlled by
an interactive fixed point makes this phase transition a
second-order transition [130]. If the f parameter seems to
aggravate the dependence on the regulator of the results for
a large range of values, and to reduce considerably the
portion of the phase space connected to the Gaussian point,

it appears that in a regime where j is small enough,
J < 0.5, avalley of stability exists for the critical exponents
and the anomalous dimension, contrary to what it was for
the B = 0 case.

These conclusions are summarized in Figs. 15 and 16.
These figures represent the dependence of the anomalous
dimension and the critical exponents on the parameters «
and f. We notice the existence of a global minimum
sensitivity point for ﬁ ~0.28 and a=3.2, where the
sensitivity of the regulator is minimal. Figure 17 shows
the behavior of the RG flow in the vicinity of the interacting
fixed point at the minimal sensitivity point, and the
resulting critical exponents are complex,

0~ 4.45 + 5.46i, (6.5)
with small enough anomalous dimension 7 ~ —0.05. Note
that, although the predictions are in qualitative agreement
with the previous section, the values obtained for the
critical exponents are very different from what we obtained
for = 0. Because we were able to find a global stability
point for critical exponents and anomalous dimensions, we
expect the result of this section to be more reliable than the
result of the previous one, but in absence of additional
theoretical expectations, we cannot conclude about the
absolute reliability of a method with respect to the
other one.

VII. CONCLUDING REMARKS

In this paper, we introduced the basics of a stochastic
formalism for GFTs in equilibrium dynamics. In that
regime, we were able to construct a nonperturbative RG
formalism that takes into account time-reversal symmetry
and causality of solutions of the stochastic equation (2.4).
We focused on a model that describes an Abelian stochastic

B 030

FIG. 15. Dependency of the anomalous dimension at the fixed point with respect to a and j.
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FIG. 16. Dependency of the real and imaginary parts of the critical exponent 6.
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FIG. 17. Behavior of the RG flow in the vicinity of the UV
attractor for a and f in the minimal sensitivity domain.

complex field with rank 5 and group structure U(1), whose
equilibrium state is a just renormalizable GFT for a pure
gravity model. For this model, restricting ourselves to the
melonic nonbranching sector of the theory in the symmetric

phase, we were able to construct an exact RG solution of
the flow equation, closing the infinite hierarchy of the
equation around just renormalizable interactions. This
strategy, mixing melonic equations and WT identities,
allows one to express vertex functions F,(<2"> for n >3 in
terms of F,(:‘) and F,(f), keeping by this way the full
momenta dependence of the vertex, and to compute the
derivative of the vertex for an external moment that plays an
important role in the derivation of the anomalous dimen-
sion. Hence, the resulting equations describe the full
nonbranching sector and can be easily investigated
numerically.

Our numerical investigations have revealed the existence
of a nontrivial fixed point, possessing the characteristics of
an ultraviolet attractor, in a physically relevant regime
where the dependence on the parameters defining the
controller is minimal. The choice of this parameterization
considerably restricts the space of physical controllers, and
this optimization would deserve to be further investigated.
On this point, our results also show that coarse graining in
both frequency and momentum (i.e., using the degrees of
freedom of the background scalar field as an external notion
of scale) seems to improve the stability (and thus, the
reliability) of the results. Thus, we predict the existence of a
second-order phase transition associated with an ergodicity
break in the IR, controlled by a nontrivial UV fixed point.
The scenario is reminiscent of the asymptotic safety
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scenario encountered, for instance, for f(R)-gravity models
[130-133], and provides a strong evidence in favor of UV
completion of our model [37]. Note that our construction
focus on the deep UV regime and UV completion issue,
and due to the compactness of the structure group
U(1) ~ S;, symmetry restoration is expected in the deep
IR due to the survival of zero modes. A way to solve this
limitation should be to construct a kind of thermodynamic
limit, sending the radius of the compact space S, to infinity,
or to consider a noncompact group; see, for instance,
[30,56,134-136] and references therein. Finally, the reader
could be confused about the fact that the continuum limits
A — oo seem to be in contradiction with the observation
that the theory is not asymptotically free, and three remarks
about these observations are in order. (1) The flow
equations receive contributions only for a small window
of momenta around the IR cutoff k, and the Wetterich
equation is then well-defined in the limit kK << A. (2) The
counterterms for the theory are designed such that the
equilibrium distribution, which defines an asymptotically
free theory (see Appendix A 2), is perturbatively renorma-
lizable. (3) Despite the fact that the out-of-equilibrium
theory is not asymptotically free, it seems to be protected
from Landau Pole and triviality by the existence of a UV
attractive fixed point for the complete cyclic melonic sector.
This fixed point is reminiscent of an asymptotic safety
scenario ensuring UV completeness of the theory, and one
expects that it guarantees that the theory is consistent for all
momenta scales (it is at least a necessary condition; see, for
instance, [37].

Although we focused on a toy model, disregarding
some physical inputs in TGFTs, especially following the
group structure that is not Abelian for realistic quantum
gravity models, and in regard to some gauge symmetry
like Gauss or Plebanski constraints, we expect that the
general framework detailed in this paper could be suitable
to investigate stochastic aspects of the best candidates for
quantum gravity. Finally, even if the “time” has been
interpreted as a relational time, as the configurations of
some matter fields, other matter fields could be added to
the group fields, such that equilibrium states describe
quantum gravity interacting with matter rather than a pure
gravity regime. Another way of investigation concerns
another current discrete approach to quantum gravity, for
instance, RTM. One can imagine a RTM described a
dynamical tensorial variable T; _; (), by the same kind
of equation like (2.4). Such an equation will describe a
stochastic tensor, and one may imagine many ways to
approach its dynamics. A renormalization group study,
similar to what we did in this paper, is, for instance,
expected, with the difference that RTM does not enjoy
an intrinsic scaling law as for TGFTs. Hence, more
sophisticated approaches are required to construct

reliable truncations, which we will discuss in a forth-
coming work.
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APPENDIX A: EQUILIBRIUM STATE’S RG

In this section, we review shortly the main results about
RG for the equilibrium state (2.13), which describes a pure
gravity TGFT, for a complex group field with rank d. We
focus on d =5, for an Abelian model with group structure
U(1) and quartic melonic interactions (2.25). This model
has been largely investigated in the literature; see
[65,97,99,114,137] and references therein. In this section,
we sketch the main lines of the reference [65] that the
reader may consult for more details. In Sec. A 1, we provide
a derivation of the relation between counterterms for the
wave function and coupling and a formal expression for
them. Note that for this derivation, we make use of the
standard Schwinger-Dyson equation, considered in full
detail in [126,127], in contrast with the discussion given
in [65] based on the existence of a finite radius of
convergence for the renormalized series (see also [100]).
Note that in this section, we define equilibrium state as
p~ e M, without the factor 2 that can be canceled by a
global redefinition of fields.

1. Melonic Schwinger-Dyson equation and
counterterms

Schwinger-Dyson equations in quantum field theory are
relations between observable, generally taking the form of
self-consistency equations for 1PI functions. For the TFGT
that we considered in this paper, two of them are especially
relevant in the melonic sector, for two- and four-point
functions and have the structure pictured in Fig. 18 (see
[127] for more details). Note that we focus on two- and
four-point functions because the quartic model is just
renormalizable, and both these relations are sufficient to
constrain the counterterms.

Note that, in the second figure, we assumed that the 1PI
four-point function has the connected quartic melonic for
boundary, and 7% s defined by

melo

4),(¢ 3 3
FI(lYBI/I(AZ)M = zﬂfne)lo(p%f’ p%f)(WI(H,)I?zJ'.%IM +P2 <—>P4)-

(A1)
Moreover, X, designates the self-energy, related to the

full two-point function G, and the bare propagator C by
the Dyson equation:
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FIG. 18.
sector, as the “melo” index recalls.

1
Guelo =————, A2
el C_l - z:melo ( )
where following the definitions of Sec. III C 1,
C'(p) = Z_p* +m>. (A3)

Translated in equations, the first closed relations pictured in
Fig. 18 reads,

d
o) = =222, 3 3 6 :

pede Zooq2 + m2 - Zmelo(q) .

=1 qezd
(A4)
This relation means that X, (p) = >_, 6(p2), with
1
o(p?) = =22, Y 5, . (AS)
g Z P Zooq2 + m2 - z:melo (q)

qez?

Accordingly with the renormalization condition (3.30),
Ziniy and Z,, are such that (see [97] and references therein)
Z m?*—dxo(0) =m2.  (A6)

1 1
Zo® +m* = Zpao(@) >+ m2+ 3% 0.(q2)

, (A7)

Closed relations between the two- and four-point functions obtained from the Schwinger-Dyson equations in the melonic

where 6,(¢%) = O(q}), with zero and first derivative equal
to zero. Differentiating relation (A5) with respect to p2, and
setting p = 0, we get

—-'(0)=1-2Z, =-2Z,1A, (A8)
where A, has been defined in (3.33). Now, let us consider
the second relation, pictured in Fig. 18. In the equation,
this relation reads, setting all the external momenta
to zero,
(0,0) = 42,1, — 82,4,z

melo

47r(f)

melo (0’ O)Aoo (A9)
If we use the standard renormalization condition (see

[37,123]),

7o (0.0) =4 4,. (A10)
and the previous relation simplifies as
Z7' = 1-21,A4) (Al1)
Moreover, from (AS),
7 Lo oza0A., (A12)
Z;
and using (A11), we obtain, finally,
Zow =12, (A13)
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2. Nonperturbative RG in the nonbranching sector

In this section, we summarize some aspects of the
nonperturbative RG in the symmetric phase for the melonic
nonbranching sector using EVE. All details can be found in
[65], as recalled at the beginning of this section. The
derivation of the equation follows essentially the same

|

ﬁm = _(2+’7) 10/1

where the anomalous dimension # is given by

~ 14+ m2)2 — 1222 + 2
Y B S U ol tm) ., (Al6)
(14 m22Q(%, m?) + 2 20 24
and
Q(m?, ) = (i + 1)> — 22A. (A17)

To obtain these equations, we closed the hierarchy using
the same method as discussed in the Sec. IV B3, by
expressing F,(f) in the expression of f3; in terms of 1 and
m?*. Moreover, we used the Ward identities to compute the
derivative of the four-point vertex F,(:‘) with respect to
external momenta, which plays a role in the computation of
the anomalous dimension #. This additional contribution,
of order 42, is not a small correction for a pure local
potential approximation disregarding such a contribution.
Indeed, taking into account this term pushes forward the
singularity of the denominator of # down the singularity
m? = —1, coming from our restriction to the symmetric
phase, and thus maximally extends the investigated portion
of the full phase space. In the computation of loops

(6)

involved both in the expression for I',” and the derivative

of F,<(4), we used the derivative expansion for two-point
function, the same approximation used for the computation
of flow equations. In [65] and reference therein, it has been
pointed out that such an approximation makes sense for the
computation of superficially convergent integrals and
remains in agreement with Ward identities. Hence, the
RG flow described by Eq. (Al15) satisfies the Ward
identities. Moreover, the computer program Mathematica
is not able to find any physically relevant fixed point for
that system, and the Gaussian fixed point is the only
UV-relevant fixed point, at least in this regime.

The quartic model (considered as an initial condition for
the RG flow) is endowed with an additional amazing
specificity. Indeed, the Ward identities impose a constraint
between four- and two-point functions that can be trans-
lated locally along the RG flow as a nontrivial relation
between f functions for relevant couplings:

zz(l
ﬁA:—2n2+412ﬁ(1+)[ =624+ (1+155) )|

strategy as explained in Sec. IV B 2. Hence, in the deep UV
regime 1 < k < A, and using the Litim regulator,

ri(p) = Z(k)(k> —p*)o(k* —p*).  (Al4)
the resulting f functions read,
&)
(A15)
|
= Q(m?*, 1) 27222 B
ﬂ,1+77/1(1+ )2 (1+n‘12)3ﬂm_0' (A18)

The flow equation for /m? given by (A15) is exact in the
melonic sector, as we restrict ourselves to the connected
interactions. Hence, Eq. (A18) defines the function ;. On

the other hand, the flow equation for A involves F,(f).
Therefore, equalizing the two expressions for f#; provides a

nontrivial expression for F (with zero external momenta).
Note that this contrlbutlon may involve, in principle,
nonconnected contributions, but we discard them from
our analysis. Hence, we can use the resulting expression for

F,(:’) in the Ward identity expressing the derivative of four-
point functions for external momenta, as discussed in
section V B. Finally, this expression allows computing
the anomalous dimension:

2
4x ﬂ( (1+m )3 + 1)

= — A19
T= 0 m)2 =) (A19)
where
- 6722 47472 1272 2m? A7)
Ql(mz,l): 7r/1_ TL’_23_ 71'/11312_ H/I_z-
5 (I+m*)’ S51+m*) 501 +m)
(A20)

This strategy is expected to provide a nontrivial improve-
ment for the previous system (A15) because no additional
approximations are required to compute loops involved in
the structure equations, as we had to do in Sec. IV B 3.
However, the conclusions are essentially the same: The
theory is asymptotically free in the UV, and no physically

relevant additional fixed point in found."" Near the
Gaussian fixed point,
nrdrd, B~ -l (A21)

"Indeed, the constraint (A18) imposes 77 = 0 for any nontrivial
fixed point, but the solution (A19) shows that A = 0 is the only
non-negative solution for m> > —1.
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APPENDIX B: PROOF OF RELATION (3.20)

From time reversal symmetry, AS) transforms as

ASlg.2] - / drdt (){ IR (b1 = 1)y (1) + iz (DR (. = 0T, () = iT, (V)R (.1 = 1), (1)
2R ORY . = T (1) = ST OR (0.1 = )T (1) + 3 R (. = (T 0y () ~ 2 (01T (1)
+ o TR =0T, ). (B1)
Because R,(f) is symmetric in its arguments, we have again
ASlg.2] = / drdr <)( R (0.1 = 0, (1) + iz, (DR (0. 1 = )T, (1) = Ty ()R (p. £ = 1)1 (1)
pez?
2 OR .1 = 0T, (1) ~ ST (IR 0.7 = )7, (1) + R 0. = (T, 05y (1) = 2 (0T, (1)
T R, 1 ~ 1) + R (p. —r’))T,,<ﬂ>). (B2)

Integrating by part, we find that the invariance condition of AS, by time reversal is written, up to a total derivative:

0= Z/dtdl‘ <z;(1, < Dp.t —1) - R,(Cl)(p,t—t’)+él.?,<{2)(p,t—t'))Tp(t')

pez?

—iT,(7) (R,ﬁ“(p, r—1)— R<k”<p, t—1)+ ékﬁf)@, t— t))xp(t)
- o T (R0 =0 = SRt =0 1,0 = ST, ) (R0t =)= G0t =) ) ,0). (B2

(2)

Finally, exploiting the fact that R, is a symmetric function, the two last terms can be rewritten as follows:

ozZ/dtdﬂ(i;zp(z)(ze,@(p,ﬂ £) — (pt—t)+ RY (pt—t)) (1)

pez(l

_ 2.
=) (R0 =0 = B 1= 1) = 2200 =) )0

—é%p(t) <R§j><p, =0 -RV(p. 1) - éie,(f)(p, - z)) Tp(t’)>. (B4)

These relations show that a sufficient condition to avoid breaking the time reflection symmetry along the RG flow is to
impose (3.20). |

APPENDIX C: MELONICS WT IDENTICIES FOR Alternatively, one can derive with respect to the classical
TWO- AND FOUR-POINT VERTICES fields, and this is what we do in the following sections.
Another proof of heteroclicity. Let us start by consid-
ering the second functional derivative on both sides of the
equation (5.16) with respect to the classical fields M,(w)
and M,(w). We apply the operator 6*/0M,(w,)oMy(@;)
on Eq. (5.16), and because of definition (3.2), we have

We give in this appendix a technical complement on
Ward identities, focusing on the relation between four-point
and two-point functions. Relations between 1P/ functions
can be obtained by taking successive derivatives for the
sources but vanishing them at the end of the computation.
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oM, () o W,
oy (@) 0T, ()d)y (')’ (C1)
and
anjpr(km) =J,(@) = iR (p.w)3,(w).  (C2)
Tr__ Ip(@) = [6,(0)R;” (p w)+iR,(c>(p —0) M, ()]
do, ()

PGP w:p.w)

We introduce the notations:

op* = p* = (p')*.
R (p.w) - R (0, w) = 5RY (p, ),

and we get

62 kMa(p a)’p a))

-/ do 2 ons (o9 98 ) G E 70+ ) ) Gt S

pJ#
+ R (p.w) FGi W p.0)_ (o) , S0+ 27 5 s, s (C5)
@ X o o 0y 0 — ) = 0,50(0 — @ S8
‘ an(wl)an(wl) OMg (@) v ! oM () " L @pipCrip

Derivatives to sources can be easily computed, leading to

ajp(w) _ azrk
aM@(@l) aM,—I(CT)l)aMp(a)) ’
aJP’ (C()) _ azrk_ <C6)
oM (w,) oM (w,)0M, (w)
In the same way,
07, (w aZF
JP(_) [ — k + R( )( )5 6( )’
oMy(@,)  OMy(@,)do,(w)
()
and
0.117' ((0) 62Fk . (1)
= - + iR, (q,w)5,,6(w — w;).
oMy ()  OM ()05, () v (g, @)8yq8( 1)

(C8)
|

ko’M(p/ w;p,® )
an(wl)an(wl)

In the same way,

GZG,S 2 p.wp, o)

oM, ()0, (@)

P1-D}

and

The derivatives of the two-point functions can be rewritten
as follows. Note that because dJ,(w)/0Mz(@) =0, we
must have [using the short notation p = (p, ®)],

9] ,, 00, 6],,
i 2 Bl 2 ' —0, (9

because Gy 7, = 0 [Eq. (2.48)]. We made use of (C9) to
obtain (C5). The functional derivatives can be easily
computed following the method described in the previous
section to obtain the flow equations. Because we focus on
the symmetric phase and assume that effective vertices
must have only one component along the response field and
that G; ;, = 0, we have

== Grom (P POT s (@- 4 Ph- PO Grou(P1. ). (C10)
204
4
_Z Gk,l\_/lo'(pv P1 )F](cj)WMO—M(q’ q/’ p/l » P1 )Gk,ll_/lo’(pll’ p/)7 (Cl 1)
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Gk01+1 P w:p. ) (4)
6o P N G (P pOTY (4o d Pl )Gt (P D) Cl12
oM, (e )Ty (@ ,,Z,; kom (P> POT i (4 @' Phs 1) G (D) ') (C12)
17y
Following the definition (4.25), we introduce F,(( 1)\/1MMM > k41)l/1<1\214M’ and the decomposition:
4).(¢ I @ ¢ e A
Fi,})‘/[gf/])][/[}f/[(pl s P2y P3s p4) = ;wl(c )(p%f’ p%f)(wl(h?Pz-Pypz; +P2 <_)p4)5(wl ) + w3 — 0)4), (C13)
such that Ward identity (C5) reads as follows:
d i Mq(wr) Jd Me(wr)
> s e
/=1 Mq(@)
]\/[q @1) Mq(w1) ]\7[(1(@1) Mq(w1)
(C14)
d Mq(w1) 8] )
wl
+Z ¢ + ! _ZH ;P [ )5p’q
=1 _ Mg (@) p,p’ jFi Wi
Mg(@1)  Mqg(wn)
0Jy (W
_ O 1>5 . ——
OMg(wr) *
where we introduced the kernels [following the convention of (3.11)]:
0 iZo5p* + isR\" (p. w)
Avlp,w) = 8ppOpp = AP, )5, (C15)

iZo5p* + iR\ (p. —0)

and

5 (p.w) = 6R) (p. )8p>5,,,8,1,y = 8. (p. @)ép>.  (C16)
Equation (C14) involves two kinds of diagrams. The first
ones, corresponding to the first, third, and fifth contribu-
tions to the left-hand side of (C14) create (d —2) or (d — 1)
faces, respectively, for £ # i and £ = i.
(i) For ¢ # i, the contribution vanishes because Kro-
necker deltas in Wm Popsis impose p = p'.
(i) For Z = i, the contribution does not vanish and is
melonic following definition 2: F =d — 1(=4),
L=V =1,and p=0.

0

The second kind of diagram corresponds to the second,
fourth, and sixth contributions to the right-hand side of
(C14). They create no more than O or 1 face, respectively,
for £ #iand 7 = i.
(i) For £ # i, the contribution vanishes because Kro-
necker deltas impose p = p’.
(i1)) For Z = i, the contribution does not vanish, but it is
not melonic (p = 3).
We restrict ourselves to the melonic sector, which, as
recalled in Sec. II is the most divergent one, and thus, the
most relevant for RG. From these observations, the
leading-order (melonics) contribution to identities (C14)
reads as
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Mg (@1)

Mq(e)

Mg (1)

- s gy
pp JF Mg(n) (C17)

Mq(w1)

—5;75} OpipOpy =0 (Melonic order) ,
q\W1 ‘

There are many options to interpret this equation. We
know, from condition (2.48), that the two last terms must
vanish exactly. Hence, we have essentially two kinds of
integrals. The two first contributions involve loop
integrals [ dwGj ;(0) and [dwG, (o). If we
assume causality, these integrals have to vanish for the
same reason as we discussed in Remark 3 [Eq. (3.29)].

Moreover, terms like [ dwéR,((l) ()G? 43y (w) vanish for the
same reason as the left-hand side of equation (3.27) van-
ishes. With this argument, the last integral, which reads

J dcoéR(z)(a))Gk am(®)Gy jr,(w), does not vanish, and the

Ward identity imposes w,(cz) = 0, meaning that F(2+2) -0

This is expected because of the discussion of Sec. I B,
where causality was assumed as well, but the fact that this
condition comes from a constraint imposed by an internal
symmetry is a nontrivial result. The origin of this phenome-
non can be traced from the arguments discussed in [65],
|

2
- Z H i) Ag(p, w1)0pglap (wi — w1) + Z H i [%c c)fM(p7 wi) — 'Yli,cer

p,p’ jFi

+ Z H p'- 5p175qp’i6R](gl) (p, wl)é(wl - @1) =0 i

p.p' jFi
X Op1qOpgOp,pOpyp O (w

p,p jFi

[

where authors pointed out a parallel between renormaliza-
tion group equations and Ward identities. Indeed, if the flow
equations dictate how the interactions change with the scale,
the Ward identities dictate how the interactions deviate from
ultralocality (i.e., from exact unit invariance). Thus, if in
Sec. III B, we were able to demonstrate the absence of
response field independent interaction terms by an argument
from the renormalization group, Ward’s identities show that
a local theory whose initial conditions correspond to the
model (2.38) cannot deviate from locality by response field
independent contributions.

Relation between Z(k) and A(k). In the same vein, but
applying the operator 0*/0M,(w;)d5;(@;) on the Ward

)
k.oMMM

F,((’(_);M. Using the same graphical representation as previ-

ously, we get (we introduce all the Kronecker and Dirac ¢ to
be more clear)

identity (5.16), we obtain a relation between I" and

Op'g: Opa; H 0g;q,0 (w1 — 1)
J#i

Ma(er)

(C18)

(p/7 wl)

where we dropped out the nonmelonic contributions and assumed them to be in the symmetric phase, using definition
(4.27). Because of the definition of Ay, the second and fourth contributions simplify. We setq, = ¢',, p’ = ¢;, p = g,, and
p = p' + 1. In the deep UV regime, it is suitable to use a continuous approximation to compute finite differences. We
introduce the nearly continuous variable x := p/A, where A denotes some UV cutoff, such that, for any function f(p?) that
can be expressed in terms of dimensionless quantities as f(p?) = A’f(x?), and (x' = x + 1/A):
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£ = F(0?) = A (F()D) - ) =A'-2("f +o<1/A2>) (C19)
Hence, from the definition (4.29), we have

(. 0) =720, (0. 0], _o ~ iZ5p? + O(5p?), (C20)

in agreement with Eq. (4.29), accordingly with our choice Q = 1. Finally, setting external momenta to zero, the Ward
identity reads,

+i(Z—Zx) =0, (€21)

or explicitly,

2A(k d
( )/dw |:2<iZoo +id—szl(:)(p’w))Gk.MM(paw)Gk,éM(p’w)
d—1 1

+ LR 000G 0 Gup0)|| = -2-2) (22)
dpi pi=0
This equation can be rewritten using dimensionless quantities as follows:
t)rx) 1 o o(1 - x) 5
1-Z (1 — A———Zk | =1-Z(k), C23
M [y [ as]0 - zmaptron -5 S Sz s S ) 12w, e
where:
o Z(k)
Z(k) = 7o (C24)

Note that, in these equations, f‘(x y) is not expected to be of the form given by Eq. (4.38), except maybe for the terms
involving the regulator. Indeed, for these terms, the selected windows of momenta are the same as for the flow equations.
Hence, assuming the truncation (4.38) for this contribution is not an additional assumption than assuming its validity for the
computation of the flow equation themselves. Following the arguments given in [97], Z' ~ In(A), and in the continuum
limit, the previous Ward identity becomes

+20)r(x) 10{%@ 0(1 = x)
( Y -y) 2 Foey)fx=y)

[ 1 0) - ap()6(1 - x)) - ~ol(C25)
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